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Paper No. 5121. 
“The Subsidence of a Rockfill Dam and the Remedial 
Measures employed at Eildon Reservoir, Australia.” { 
_ By Rupert GRENVILLE Knicut, M.C., M.C.E., M. Inst. C.K. 
A (Abridged) 
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INTRODUCTION. 


Tu Hildon reservoir, the chief storage of the Goulburn—Waranga— 

Mallee irrigation, stock- and domestic-supply system, is the largest 

project of this nature within the State of Victoria, and its value and 

importance in the economic life of the community have steadily 
increased in recent years. 

Constructed on the Goulburn river in the rugged country about 
90 miles to the north-east of Melbourne, the Bildon dam, which is 
of the rockfill type, was completed in 1927 ; it partially failed in 
April 1929, and during the next 7 years remedial measures and 
improvements costing £380,000 were carried out. This Paper 
describes the work entailed in the restoration of the embankment, 
the drainage of the foundations, and the remodelling of the outlet- 


works and spillway. 
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Geographical and Historical. 
Eastern and southern Victoria are within a belt of ample rainfall 
of from 20 inches to 60 inches per annum, but semi-arid conditions 
prevail in the north-west of Victoria, and occupation is rendered 
“safe” only in so far as productivity is sustained by water- 
conservation and irrigation. Successful settlement thus depends on 
the more intense development of those areas with a rainfall of 20 
inches or more, and the removal of the risks attendant upon the 
occupation of the semi-arid areas by the adoption of irrigation. 

Irrigation had been discussed in Victoria since about 18401 and, 
following the drought of 1877-1881, the Victorian Government took 
the first decisive steps. 

Successive, Water-Conservation and Irrigation Acts were passed, 
which led finally to the establishment of the State Rivers and 
Water Supply Commission, comprising three Commissioners, in which 
was vested the entire management of the irrigation-areas. 


THE GOULBURN SYSTEM. 


The oldest and largest irrigation-scheme in Victoria, the Goulburn 
system, was inaugurated by the construction between 1887 and 1891 
of the Goulburn weir, near Nagambie, which served to divert water 
to the irrigation-districts on either side of the river. Following the 
expansion of the system, the Waranga reservoir was constructed 
between 1902 and 1905 to a capacity of 201,300 acre-feet, and 
increased 14 years later to 333,400 acre-feet. 

In response to the demand for further storage-capacity, the con- 
struction of the Eildon dam was undertaken in 1912, on the Sugar- 
_ loaf site immediately below the junction of the Delatite and Goulburn 
rivers, about 150 miles above the Goulburn weir. The rockfill 
dam, with a concrete corewall and spillway-section, over 3,000 feet 


in length and 140 feet in maximum height, was practically completed 
in 1927. 


The Irrigable Area. 


The Goulburn valley (Fig. 1) extends from the mountainous 
country in the eastern portion of the State, traversing the country 
north of the Great Dividing Range in a westerly direction for about 
half of its length, then northward and westward through the plains 
of the south-eastern extremity of the Murray basin; it joins the 
Murray valley proper in the vicinity of Echuca. The plains comprise 


1 “Trrigation Works and Practice in Victoria,” J. S. Dethridge, 
Trans. I.E. Aust., vol. 2 (1921), p. 93. 
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the rich alluvial deposits of the old Murravian Gulf, and that portion 
of them which lies in the State of Victoria embraces practically the 
whole of the irrigable area commanded by the Goulburn and comple- 
mentary systems north of the Dividing Range, and includes districts 
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- devoted to irrigation of a more intense nature, as well as those, further 

west, where the provision of water for stock and domestic use 

constitutes the main purpose of supply. The aggregate area of these — 
lands is about 4,000,000 acres, but even with the most thorough 
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system of storage and regulation that could be proposed, the avail- 
able supply of water can never be sufficient for the whole, an area of 
2,000,000 acres being the maximum which could be profitably 
irrigated ; therefore, of the three governing factors—labour, land and 
water—necessary for irrigation-development, the latter is the limiting 
one in Victoria. 


Rainfall and Run-Off. 


On Australian mountains the snow is hardly sufficient to be an 
appreciable factor in the regulation of the streams. Moreover, the 
catchments are so close to the fields of use that rainfall, though of 
different intensity, generally occurs on both at the same time, so that 
the discharge from the hills passes through the plains at times when 
it is least required. For effective irrigation a supply must be made 
available throughout the whole of the dry season. This seasonmay 
be taken as from the beginning of September in one year until the 
end of April in the year following. It is necessary, therefore, to 
impound the discharges of streams from the areas of surplus rainfall 
in order that the water may be made available at the most suitable 
time for its use throughout commanded areas on which the rainfall 
is deficient.1 

In the mountainous districts in north-eastern Victoria the 
maximum rainfall occurs from June to October, the average annual 
rainfall at the township of Alexandra recorded over a period of — 
52 years being 27-21 inches. At Boort, in the western plains, about — 
140 miles west-north-west of Eildon, 40 years’ observations give an 
average annual rainfall of 15-43 inches. 

The flow of the Goulburn is subject to great variation. The 
minimum, recorded in 1915, was 180 cusecs, whilst the maximum, 
recorded in 1916, was 80,000 cusecs. 

The run-off from a catchment of 4,000 square miles above the 
Murchison gauge, 20 miles below the Goulburn weir, and that from 
the Eildon catchment of 1,500 square miles gauged at the dam-site 
over a period of 18 years are shown in Table I. 

The annual run-off above Murchison is about 600 acre-feet and that 
above Hildon about 1,000 acre-feet per square mile. The mean 
run-off at the dam is about 66 per cent. of that at Murchison, and 
represents about 47 per cent. of the mean rainfall over the catchment 


of 40 inches. Typical weekly discharges at Eildon weir are shown in 
Fig. 2. 


1 See J. 8. Dethridge, “Irrigation Works and Practice in Victoria.” 
Trans. I.E. Aust., vol. 2 (1921), p. 93. 
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TABLE I, 
SS 
Fae Annual run-off ; 


Es acre-feet. 
: : Murchison, Eildon. 
Mean . . . |. 2,853,000 1,554,800 
- Maximum (1916) eee 6,202,170 3,362,870 
E 1,210,000 744,010 (1914 not in- 
ee oomum (1922) a 493,000 diverted *| cluded) 


* Maximum diversion above Murchison 807,000 acre-feet in 1927. 


; Fig. 2. 
a Doe ,750 cusecs 
(Max. daily discharge 70,000 cusecs, 7th. June) 


4 


1917 wettest year from 1916 to 1923 —._._. | 
EAC hee =f 
1920 average ., I 
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WEEKLY DISCHARGE: 
CUBIC FEET PER SECOND, 


JAN FEB MAR APR MAY JUNE JULY AUG. SEPT. OCT NOV DEC 


_ The areas within the belts of different intensity of rainfall are 
4 shown in Table IT. 


a ; Tasxe II. 


Area of catchment above 


Rainfall per annum; dam-site at Delatite- 
inches. Goulburn junction : 
acres. 

25-30 168,000 
30-40 197,000 
2 40-50 230,000 
ie 50-60 225,000 
ag Over 60 160,000 
E 980,000 


_ Engineering Works of the Goulburn mia 
The chief works of the scheme (Fig. 1, p. 113) are as follows :— 


7 
| (i) The Eildon reservoir, the main storage, which is of 306,000 — 
ss acre-feet capacity (full-supply level being R.L. 823). 
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(ii) The Goulburn diversion-weir, situated 150 miles downstream 
from the dam, near Nagambie, which raises the level of the 
river 45 feet (to R.L. 405) and diverts the waters to :— 

(iii) The Eastern Goulburn main channel (capacity 450 cusecs, 
54 miles in length) supplying four districts surrounding the 
town of Shepparton. 

(iv) The Goulburn-Waranga channel (capacity 1,717 cusecs, 
length 233 miles), which supplies the eastern half of the 
Rodney main channels and fills Waranga basin. 

(v) The Waranga basin, of storage-capacity 333,400 acre-feet 
(increased in 1919 from its original capacity of 201,000 
acre-feet). 

(vi) Two further main channels issuing from the Waranga 
reservoir (a) to the western half of Rodney, (6) the Waranga 
Main Western and extension to Kurdgweechee, a distance 
of 230 miles by channel west of Waranga. 


The existing storage-capacity of the system is 660,000 acre-feet, 
which, with 300,000 acre-feet divertible direct from the river, brings 
the total artificial supply to 960,000 acre-feet. 

The main channels have an aggregate length of 340 miles, besides 
2,300 miles of distributaries and 500 miles of drains. 


EIrLpon RESERVOIR AND Dam. 
The Catchment-Area. 


The catchment-area of 1,500 square miles consists mostly of 
mountainous country heavily timbered below the snow-line. Even 
in the vicinity of the reservoir the topography is exceptionally steep, 


and within the watershed generally the streams have cut abrupt — 4 


gorges between the thickly-timbered ridges. 

The country is of a rocky nature throughout and the run-off is 
rapid, even over the northern and extreme north-western portions, 
where the wooded spurs give place to more open cleared country of a 
less precipitous character. 

The catchment is divided into two main river-systems by the 
Enterprise spur, which extends for 45 miles in a westerly direction as 
part of the Howitt-Buller range (6,000 feet), an offshoot of the 

- “Great Divide ” which forms the eastern and southern watersheds. 
On the north of this formation is the Delatite river (Fag. 1, p. 113), with 
the Brankeet and Ford creeks as its more important tributaries, while 
to the south lie the Goulburn river and its confluent streams the 
Howqua, Jamieson and Big rivers and the Jerusalem creek. The 
Delatite and Goulburn rivers in the vicinity of the reservoir each 
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flow in a north-westerly direction on their respective sides of the 
_ Enterprise spur, the former flowing south and then south-east around 
_ its western slopes to join the Goulburn about 4 mile north-east of 
- Sugarloaf, opposite the site of the dam. 

_ At the full-supply level of R.L. 823 (123 feet above river-bed), 
_ the impounded water extends 112 miles along the valleys of both the 
_ Goulburn and the Delatite rivers. 


- The Dam. 

The dam, 3,259 feet in length, is situated just below the junction of 
_ these two rivers, and abuts at its eastern end on Mount Pinniger and 
at the western extremity on the Sugarloaf hill, from the side of which 
is quarried the bywash, the bed of the river Goulburn at this point 
_ forming the foundation of the concrete gravity-dam comprising the 
- spillway. The dam as now completed is shown in Figs. 3, Plate 1, 
and in Fig. 4 (facing p. 118). 
The total length is made up as follows :— 
, a Rockfill embankment . : . 2,525 feet 
_ Spillway and power-outlet tower. 734 feet (actual crest of spillway 682 feet) 


3,259 feet. 


The capacity of the storage is shown in Table IIT. 


Tase III. 
eS eae 
R.L. es oa Area : acres. Pg aed Remarks. 
— — Sill of main outlet. 
— 175 — 
820 4,050 — 
1,400 14,600 — 
1,425 16,550 Sill of power-outlet. 
2,640 54,770 7765 level at date of 
subsidence. 
4,360 1232430 — 
6,050 200,700 Level of gap in spillway 
1929-33. ; 
8,000 306,000 Full supply. 
10,352 461,600 Crest of corewall. 


a The Main Embankment and Corewall. 


Constructed of rockfill, the main bank supports a concrete corewall 
6 feet thick at bedrock (R.L. 703) and 2 feet thick at crest level 


rods spaced at 12-inch centres. Construction-joints were provided — 
at distances of 50 feet throughout the length of the core. Originally 


 (B.L. 840), doubly reinforced by a grid of }-inch diameter mild-steel 
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the highest point of the dam was at R.L. 840, 137 feet above bedrock. 
This was later increased by 16-7 feet on the downstream side. 

The dam-site is of silurian age, the rocks of Mount Pinniger com- 
prising shales of different degrees of hardness with an occasional 
band of slate, whilst at the Sugarloaf or spillway end they are 
generally of a more durable nature, being composed of somewhat 
similar though harder metamorphic rock as well as sandstones and 
slates. The country has been subjected to much folding, and fault- 
planes occur in the hills at each end of the dam; a double fault- 
plane about 6 feet thick containing a mass of breccia abuts on the 
bywash, and has been revetted by a mass-concrete block keyed into 
the rock floor. 

The embankment is composed of rock quarried from both Pinniger 
and Sugarloaf, broken to “ one-man ”’ size, hand-loaded, and tipped 
on the bank without being consolidated in any way. The stone 
from Sugarloaf resists weathering to a greater extent than the 
Pinniger mudstone, although the mixture forms a satisfactory fill. 

The slopes were originally designed as 1 in 2, but having regard to 
the proposed second-stage development they were not trimmed, but 
were left in a series of berms to facilitate the tipping of the fill required 
in the proposed enlargement work when the full-supply level was to 
be raised to R.L. 875, the “ mean slopes ” on completion of the first 
stage being approximately 1 in 2 as designed (Figs. 5, Plate 1). 


Clay Against the Corewall. 


As a means of increasing the impermeability of the reinforced- 
concrete diaphragm, a mass of clay was deposited on its upstream 
side, ranging in thickness from 27 feet at chainage 850 from the 
eastern end to 37 feet at chainage 2,450. The upstream batter of this 
mass was originally designed as 6 to 1, and it was built up to R.L. 835, 
5 feet below the crest level of the dam. 

The clay puddle, excavated from the surface deposits adjacent to 
the dam, was raised simultaneously with the rockfill, being well 
pugged by wetting and trafficking with horse and dray, by which 
means it was carted to the site. The dimensions of the base of the 
dam and the clay core are shown in Table IV, p. 119. 

By the end of 1925, the clay was completed to R.L. 835 between 
chainages 00 and 1,700. At this time the level of the clay to the west 
of this was left at R.L. 821, and, according to the progress plans, it 
appears to have been raised to finished level, R.L. 835, in July 1927. 
In the central portion of the dam, settlement was thus being made 
good for 3 years, till the end of 1928, and at about chainage 2,300 
for about 1 year. Figs. 6 and Table V (p. 119) give particulars of 
clay-levels and top-widths in 1927 and 1929. ; . 
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WESTERN END OF DAM, SHOWING ROCKFILL AND SURCHARGES, MAIN 
AND POWER OUTLET-TOWERS, NEW SPILLWAY CONTROL-STRUCTURE, 
. AND EASTERN END OF OLD SPILLWAY-CREST. 


— 
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Tape IV. 
F Base width of dam : feet. 
Chainage : feet. Base thickness of clay core. 
Upstream. Downstream. 
850 125 135 27 
1050 155 165 30 
1250 167 175 30 
1650 175 206 30 
2050 190 196 30 (50 at R.L. 750) 

2450 270 305 37 


As designed 1918...... —— es 
Amendments 1925 .......—_ some == 


|4-----Be-----she--—A.-a} 


As constructed to 1927. 


Scale: 1 inch = 40 feet. 
Feet 10 5 0 10 20 30 feet 
ee ree eee! Se ee ee) 


Taste V.—Diensions oF Top oF Bank IN 1927. 
(Dimensions as increased in January, 1929, by additional rockfill are shown in 
brackets.) 


Chainage: feet. Upstream width A Downstream width B 
(Figs. 6): feet. (Figs. 6): feet. 

700 11 (27) 18 

800 15 (28) 18 

900 25 17 
1,000 29 19 
1,100 32 20 
1,200 33 20 
1,300 33 19 
1,400 26 18 
1,500 15 (30) 21 
1,550 18 (28) 16 
1,600 26 (28) 23 
1,700 32 20 
1,800 30 13 
1,900 36 20 
2,000 31 26 
2,100 27 24 
2,200 20 20 
2,300 20 18 
2,400 25 16 


upstream rockfill, into which are built the gate-valves, pipes and — 
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Foundation of Dam. 


The western 1,000 feet of the dam, including the spillway section, — 
are founded on bedrock, the remainder being founded on the natural — 
surface. On the flats, the bedrock is from 22 to 24 feet below the — 
surface, the overlying material being composed of clay super- — 
imposed upon gravel wash with about 2 feet of sand immediately _ 
above the rock. In order to effect a junction between the corewall — 
and the rock, an open cut extending from chainage 1,600 to 2,250 — 
was excavated in this material, 24 to 28 feet wide at the top and 
8 feet at bedrock level. Grout-holes 10 feet deep at 8-foot centres 
were drilled in the rock from chainage 1,600 to 2,600 and grouted with — 
neat cement at 100 lb. per square inch. Where the depth exceeded — 
about 23 feet a timbered trench was sunk to bedrock, its maximum 
depth being 77 feet at chainage 550. The gravel wash excavated 
from the open cut was deposited on the upstream side of the cut in a 
low spoil-bank about 100 feet wide at the base, whilst that from the _ 
deep trench on the slopes of Mount Pinniger was dumped from skips _ 
into heaps extending normally to the corewall, two on the upstream — 
and two on the downstream side of the centre-line of the dam. 


The Spillway. 
The spillway was built as a curved concrete dam of gravity 
section 682 feet in length and 85 feet wide at the base (R.L. 700), — 
with its crest at R.L. 823 (the original full-supply level). A protective — 
apron at R.L. 712 about 7 feet thick extends for a maximum distance _ 
of 310 feet downstream of the toe. On the western or bywash side, _ 
the unlined rock rises to R.L. 808. The proposed raising of the full- _ 
supply level to R.L. 875 would have increased the storage-capacity 
from 306,000 acre-feet to 900,000 acre-feet. As a provision for 
bonding the concrete in the raising of the spillway, the downstream _ 
face was formed into fourteen steps 6 feet high and 4 feet wide, which _ 
acted as an effective energy-dissipator during operation at first-stage 
level. The apron at R.L. 712 extends 40 feet downstream from the | 
lowest step. The spillway as now completed by the addition of 
gates (as described later in the Paper) is shown in Figs. 24, Plate 2, 
and in Fig. 7 (facing p. 119). iu 


Outlets. 


_ There are two outlets for the control of discharge from the reser- 

voir, the main outlet and the emergency or power outlet. 
Main Outlet—This consists of a reinforced-concrete outlet-tunnel _ 

or culvert surmounted by a circular control-tower rising through the 


i 
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operating machinery. It is shown as finally re-modelled in Figs. 21, 
Plate 2. Penetrating the centre-line of the dam at chainage 2,250, 
the culvert, originally constructed to by-pass the Goulburn river 
‘during the construction of the spillway, is founded on rock at R.L. 
700 ; from the corewall it extends 250 feet upstream to the toe of the 
dam, and 410 feet downstream to the outlet into the stream-bed. 
The control-tower is 68 feet upstream from the corewall. Set in 
‘concrete, which fills the downstream half of the tower below R.L. 774 
and the outlet-tunnel from the east-west diameter of the tower to the 
_eorewal], are four 4-foot 6-inch cast-iron pipes comprising the outlet- 
system. Originally, water was admitted to these pipes through 
eight openings each 5 feet by 3 feet, set in two tiers of four, with their 
sills at R.L. 706 and 754-75. From the lower pipes in the tunnel- 
plug it passed through transition-castings at the centre-line of the 
dam into ovoid conduits of reinforced concrete 7 feet 6 inches by 
4 feet 6 inches, extending 200 feet from the corewall into the tunnel. 
At a distance of 10 feet 6 inches from the valves these pipes were 
"joined by down-pipes 4 feet 6 inches in diameter leading from the 
“upper tiers. All valve-leaves were the same size, namely 5 feet 
9 inches by 3 feet 7 inches, and were operated by hydraulic lifters. 
“It had been anticipated that both tiers of valves could be operated 
simultaneously, but this was found to be impracticable (p. 158), 
although irrigation-requirements were satisfied by a careful manipula- 
tion of the gates during the construction period and up to 1929. 
The Emergency or Power Outlet.—This, as finally modified, is shown 
in Figs. 23, Plate 2. An opening 19 feet by 16 feet in the eastern 
end of the spillway was provided to admit water to a 15,000-kVA. 
hydro-electric power-station situated immediately below the dam. 
From this opening three 10-foot by 4-foot outlets with sills at R.L. 
754-50 lead through a transition casting 12 feet in diameter, and a 
tapered mild-steel bend 40 feet in length, to a 13-foot 6-inch mild- 
" steel riveted pipe 3 inch thick embedded in concrete. At the power- 
house end of the pipe a three-way riveted steel spherical manifold 
eads the water either to the turbines or to a Glenfield —Kennedy 
eedle-valve (108-inch inlet, 90-inch outlet) which enables the 
utflow to be by-passed direct to the river. The three 10-foot by 
t-foot outlets are controlled by gate valves enclosed in a rectangular 
tower, 50 feet by 19 feet 8 inches. 
Ef The opening and pipe-inlet were protected by a concrete-covered 
grid of four 10-inch by 6-inch by 40-lb. joists supported at mid-span 
“by a 24-inch by 73-inch by 90-lb. joist. Downstream of this a steel 
"trash-rack was slung, made up of 23-inch by -inch flats spaced at 
45-inch centres and supported on a frame of steel joists, providing 
1 maximum opening of 6 feet 4 inches by 4 inches which was later 
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reduced to 2 inches by 144 inch by superimposing a mesh of 8-inch 
diameter welded mild- Btedl bars over the original framework. The 
resulting loss of head across the screen caused a great reduction in 
the maximum possible flow through the power-outlet, for, at the | 
point of maximum efficiency of the turbines under the head corre- 
sponding to a full reservoir (from about R.L. 808 to R.L. 823) wi th y 
the by-pass closed, any further opening to increase the flow caused | 
the head to fall away, resulting in surging of the electrical load — 
accompanied by considerable noise in the turbines, governors, and the _ 
hydraulic equipment generally. 

Table VI shows the theoretical discharges through the upper otal ; 
and the turbines simultaneously. | 


TABLE VI,—THEORETICAL DIscHARGE THROUGH Four Upprr GatEs, Two 
TURBINES AND By-Pass. 


Axis of gates at R.L. 757. 


Discharge : cusecs. 


Water- Head H: Was 
level: R.L. feet. H. 


763 6 2-45 
773 16 4:00 
783 26 5-10 
793 36 6-00 
803 46 6-78 
813 56 7-48 
823 66 8-12 
833 76 8-72 


Actually the greatest discharge obtainable through the power- } 
outlet was about 2,000 cubic feet per second, while that through the | 
gate valves was limited by the conditions arising in the conduits — 
during operation (p. 158). 


Drainage of Dam. 


To provide for the disposal of leakage through the corewall and — 
natural drainage under the downstream rockfill, a vitreous earthen- 
ware pipe 3 inches in diameter was laid along the corewall at the 
bottom of a French drain. This extended from chainage 650, where | 
its invert-level was R.L. 735, to the inspection-shaft at chainage 1, 550, 
which it entered at R.L. 725, 4 feet above the bedrock. The 
inspection-shaft was built on to the corewall, and gave access to its 
downstream face from the crest of the dam (R.L. 840) to bedrock- 
level. From the western side of this shaft the drain was continued _ 
in a westerly direction to the wall of the main outlet-culvert at _ 
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_ chainage 2,240, where it entered a junction-chamber (R.L. 717-50) 
_ whence it discharged either direct into the culvert or to the river 
_ through a drain embedded in the arched wall. At the inspection- 
_ shaft the drain from the eastern section could be blocked by closing 
_a@ 3-inch sluice-valve, thus isolating the drainage from each portion 
of the bank for separate gauging if necessary. 

= Drainage through the concrete gravity spillway-section passed 
- into the inspection-gallery, on each side of the floor of which an open 
drain was constructed, discharging to the bywash. 


- Periods of Full Reservoir. 


E Prior to April, 1929, due to the expansion of the Goulburn system 
Z during the construction period, it was necessary to store water for 
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a Reservorr-LEVELS AND RaInFraLL aT Em.pon RESERVOIR. 
a 
* irrigation. The quantity of stored water increased from 54,000 
acre-feet in 1925 to 211,000 acre-feet in 1926, the reservoir being filled 
to its full capacity, 306,000 acre-feet, for the first time in August, 
927 (Fig. 8), where it remained for about 24 months before it was 


drawn down 20 feet to R.L. 803, over a period of about 10 weeks 


- 


ear, during the emptying of the basin, the draw-off had been much 
more rapid and prolonged, for, in the 6 months January to May, the 
Bg 


ommencing in the middle of November, 1927. In the previous - Z 


_ drawn to R.L. 776:5, 46 feet 6 inches below its level of 5 months 
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reduction of level was 106 feet in 24 weeks or approximately 4 feet 
5 inches per week. j 

In February, 1928, the reservoir again began to fill, reaching full 
supply level in mid-June, where it remained until the end of August. 
The level then gradually rose above R.L. 823 until October 6th, 1928, 
when it was 4 feet 2 inches over the spillway. From the end of 
November of that year to April 26th, 1929, the average draw-off 
was 2 feet 4 inches per week, slightly faster than in 1927. The 
weekly draw-offs from January to May, 1929, are given in Table VII. 


Tape VII—WEEKLY Fatt or StoraGe-Lievet, Jan.—May, 1929. 


Week ending Fall: feet. Week ending Fall: feet. 
Jan. 7 2-1 March 18 2-70 
ks: 2-9 Lt eee 3-55 
me 0 3-0 April 1 2-7 
Sa 2S 1-6 et. Rise 0-6 3 
Feb. 4 0-85 se pid 1:7 
ane ial 1-95 a+ 4-4 
» 18 2:3 » 29 6-1 
seqgieb 1-65 May 6. 0-05 
March 4 1-45 Rik: 0-10 
aa Gi! 1:85 ae eu 0-30 


TuE SUBSIDENCE OF THE BANK. 


On the 26th April, 1929, when the level of the reservoir had been 


previously, a subsidence occurred of the rockfill on the upstream 
portion of the bank over the central 700 feet. A further lowering of 
the reservoir-level to R.L. 769-5 was followed by a rise early in May 
to R.L. 778. The level again fell to R.L. 776-1 on the 20th May, 
when a further subsidence took place extending the affected portion 
of the bank to 1,200 feet, between chainages 850 and 2,050. The 
draw-off from the reservoir was discontinued some days later, and the 
level maintained at about R.L. 776. As a result of this subsidence 
the corewall was exposed for a maximum depth of 26 feet from the 
crest (R.L. 840) at chainage 1,550, and the upstream rockfill at this 
chainage was moved bodily into the reservoir for a distance of about 
55 feet. The bank continued to subside slowly for some weeks 
after the first extensive movement. Sections of the dam before and 
after the subsidence are shown in Figs. 5, Plate 1. 

The greatest subsidence took place against the corewall, and the. 
exposed face was heavily scored with striations due to the pressure 
of the stone sliding against the concrete. In the immediate vicinity 
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of chainages 1,450 and 1,600, these markings were vertical, and 
between this zone and the extremities of the affected length they were 
inclined to the vertical, the inclination increasing towards the ends. 
This scoring of the face of the corewall was distinct evidence of the 
direction of the rock-movement, and indicated in some measure the 
nature of the subsidence. A serious deflexion of the corewall was 
disclosed in both the central and western straight sections of the 
dam, which are respectively 800 feet and 400 feet in length, and the 
" maximum displacement of the diaphragm amounted to 4 feet 8 inches 
in each instance. In addition, considerable cracking of the corewall 
_ took place. 

_ An extensive examination by survey, boring and shaft-sinking 
was undertaken to determine the full effects of the subsidence, 
pending the investigation of the occurrence by an independent 
~ authority. 

_ On the 24th May, 1929, the Governor in Council appointed the 
_ following Board of Inquiry to investigate and report upon the cause, 
_ extent and appropriate treatment of the subsidence :— 


Professor R. W. Chapman, C.M.G., M.A., B.C.E., Professor of 
Engineering, University of Adelaide (Chairman) ; Mr. 
Hi. H. Dare, M.E., M. Inst. C.E., Commissioner, Water 
Conservation and Irrigation Commission, New South 
Wales; and Mr. E. G. Ritchie, M. Inst. C.E., Engineer of 
Water Supply, Melbourne and Metropolitan Board of 
Works, Victoria. 


he full effect of the subsidence at chainage 1,550, the point of 
_ greatest settlement, will be observed from an examination of Figs. 9, 
- Plate 1, which show the cross-section of the dam as determined by 
poring and survey prior to the 12th June, 1929. It will be seen that 
the clay, which, as originally constructed, stood against the corewall 
in a mass, the upstream slope of which was 6 to 1, had been com- 
pressed into a lenticular mass penetrating the rockfill to a distance of 
80 feet from the initial position of the corewall. 

- The depth of rockfill over the clay was 35 feet, instead of the 
designed 5 feet, whilst the displacement of the upstream toe of the 
bank increased progressively towards the central chainage (1,550) 
practically uniformly and in direct proportion to the subsidence of 
the clay, the maximum displacement, as stated above, being 55 feet. 
_ Of this, the outermost 10 to 15 feet would probably represent loose 
rock fallen from the slope during movement. 


the clay causing the rockfill, placed on its upstream side as a support 
_ for the mass, to slide on the seat of the bank, into the reservoir. 


a 


The Board found that the subsidence was due to the pressure of 2 
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This pressure, the horizontal component of which caused the out-_ 
ward movement of the rock, may be said to have been due partly to 
that derived from the inherent properties of the clay, and partly to 
the loading of the clay by the superimposed mass of rockfill* = 
With regard to the pressure derived from the inherent properties of 
the clay, certain aspects of the behaviour of clay, which were ascer- 
tained as a result of investigations by Mr. A. L. Bell, M. Inst. C.E.,? 
appear to be directly applicable to the case of Hildon weir, where a 
moist clay is subject to considerable pressure. Experiments, based 
on Mr. Bell’s work, were carried out by Professor Chapman at the 
University of Adelaide on samples of clay taken from the bores sunk 
through the rockfill during the above-mentioned survey. 
Mr. Bell derived a formula for the determination of the horizontal 
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SHEARING Tests on Cray rrom PuppLe Corn, JuNE 1929. 


ee 


INTENSITY OF RESISTANCE TO 
SHEARING: LB. PER SQUARE FOOT. 


component P lb. per square foot of the pressure due to a depth h feet 
of clay, namely :— 

P = wh tan? (7/4 — o/2) — 2k tan (2/4 — «/2), 
where w denotes the weight in lb. per cubic foot (= 128 for Eildon 
clay pug), 


k denotes the resistance of clay to shear under no load in Ib. per 
square foot, and 


a denotes the inclination of the line of the graph shown in Fig. 10. 


The increase in the horizontal pressure with increase in moisture- 
content of the samples of clay tested is shown in Table VIIL.3 


/ 
- ~-+— eS ee 


1 A copy of the Report of the Eildon Weir Inquiry Board (dated the 
9th July, 1929) accompanies the manuscript of this Paper, and may be seen in 
the Library of The Institution.—Suxc. Inst. C.E. 

* “The Lateral Pressure and Resistance of Clay, and the Supporting Power 
of Clay Foundations.” Minutes of Proceedings Inst. C.E., vol. oxxix (1914-15, 
part I), p. 233. 


* Report of the Eildon Weir Inquiry Board, pp. 18-19. Melbourne, 1929. 
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= : 

Ss According to this theory,1 the pressure exerted by the clay was 
_ equivalent to that of a fluid weighing about 100 lb. per cubic foot, 
which was resisted by the submerged rockfill and the hydrostatic 
_ pressure of the stored water. 

_ It was held that, due to successive wettings, the moisture-content 
“ of the puddle wall increased, and that the great consequent increase 
in pressure was largely, if not wholly, the cause of the movement. 
y That such an increase in moisture-content was possible in such a 
mass is not doubted, but clay taken from shafts which the Author 
es eaused to be sunk in the bank near the water-surface showed that 
_ there had not been a sufficient increase in the moisture-content of the 
_ mass to prevent its still possessing the qualities of good stiff pug, 
~ although the actual increase, if any, was not then determined. 

_ Samples of the clay taken from the bores, after having been received 
jm Adelaide in airtight containers, were “ mixed and kneaded 


Weight (Ib. per cubic 
P(at 50 | P(at 100| foot) of equivalent 
feet) : Ib.|feet): Ib.| fluid to produce 


Stiff pug— 

30 per cent. moisture 
35 per cent. moisture 
40 per cent. moisture 


3,500 8,500 70 
4,700 | 10,160 94 
5,110 | 10,870 102 


_ thoroughly with sufficient additional water to increase the total 


@ moisture content to 30 per cent. of the dry weight.” The samples 
_ as received contained 23 per cent. of moisture and were too stiff for 


be 


kneading for testing. A ball 3 inches in diameter formed from the 
_ pug and immersed in water collapsed into a cone-shaped mass after 
94 hours, whilst cylinders 15 inches in length and 1-13 inch in 
diameter supported their own weight when suspended from one end. 
_ From those tests the clay was considered to be satisfactory for use in 
~ a puddle core. Further particulars of the tests made on the clay 
_ are given on pp. 186-190. 
__ With regard to the pressure due to loading of the clay by the 
- i rockfill, the progress plans of the construction of the 
- pank show that the clay had been brought to R.L. 835 as far west 
as 50, and to R.L. 821 beyond that chainage, by the — 
~ end of 1925; the rockfill throughout the length of the bank was first 
raised to R.L. 840 in 1927, the designed top width being 16 feet. — 


a 1 Report of the Eildon Weir Inquiry Board, oa 
Se ta 2 : m : 
Sa 


pp. 18-19. Melbourne, 1929. 
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Probably as a provision for the subsequent dressing of the slopes, 

or the raising of the bank to the second stage, extra material was 
> tipped at crest-level, and the top width was increased, ranging from 
29 feet (at chainage 700) to 57 feet (at chainage 2,100) thus loading 
the clay to a greater extent than would have occurred in the original 
design. Between 1927 and the end of 1928, the upstream width at 
chainages 1,500 and 1,550 had been increased, by 15 feet and 20 feet, 
to 30 feet and 28 feet respectively. (See Fig. 6 and Table V., p. 119.) 
Between October and November, 1928, Pinniger rock was tipped 
against the corewall to make good a small subsidence of the rock 
on the upstream side near the outlet-tower. Small quantities had 
been tipped along practically the whole length of the dam after 
1927. 

It would appear from progress records and ultimate boring that, 
between December, 1925 and December, 1928, settlement due to the 
sinking of the clay was made good by tipping rock to an ultimate 
depth of 35 feet over the clay, against the corewall. During this time 
the weight thus imposed upon the clay compressed it and caused it 
to displace the adjacent upstream rockfill until sufficient passive 
resistance was developed within the latter (without substantially 


a 
t- 
; 
” 
’ changing its outward shape) to support the load transferred to it 


through the clay. This seems evident from the section at chainage 
1,550 (see Fig. 9, Plate 1), where the clay appears to be forced into 
the upstream fill as a mass and not merely into the interstices of the 
fill, the individual rocks having “ telescoped” to make room for it 
while developing the passive resistance to withstand the clay- — 

_ pressure. 
It will be noted from the corewall-deflexion graph (Figs. 11) that a 
downstream movement of the corewall had commenced in 1924, and 
it seems evident, in view of the mass of fill tipped against the core- 
wall since then, that this movement continued up to the time of the 
subsidence, although there are no records to show that that was 

_ actually the case. 
The gradually-increasing outward pressure of the clay was suc- 
cessfully resisted between 1924 and early in 1929 by the frictional grip 
between the upstream rockfill and the natural surface. During the 

_ submersion, however, this grip was lessened, and at the time of the 
_ subsidence, with the drawing-down of the reservoir to R.L. 776 and 
the consequent removal of much of the support of the stored water, 
the clay-pressure finally overcame the resistance to sliding on the ~ 
seat, and the upstream rockfill began to move. It is not known to’ 
what extent the frictional resistance at the plane of contact between 
the rockfill and its foundation was lessened by the layer of clayey 
gravel that had been tipped as spoil from the cutoff trench along — 
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_ the upstream surface in the vicinity of chainage 1,500 (p. 120), but 
- it may be assumed that the continued submergence of this material 
__ largely contributed to the reduction of the frictional coefficient of the 
seat of the bank at the point where initial movement of the rockfill 
~ occurred. 

As to the nature of the movement, reference has already been made 
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Movement oF Dam, AS SHOWN BY CoREWALL-DEFLEXION SURVEYS. 


to the markings on the face of the corewall. The vertical scratches 
near chainage 1,550 indicate a central downward movement, and 
_ those on either side the simultaneous longitudinal movement towards 
E the centre. This would tend to demonstrate the occurrence of a 
_ plastic flow of the entire mass of clay under great pressure over the — 
deepest portion of the bank, and bears out to some extent the state- 
ments of previous observers. For example, Mr. A. S. E. Ackermann, 
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during the years 1919-1924, conducted a series of experiments ; 
among the properties attributed to clay by him are the following, 
which may be said to be directly applicable to the mass of puddle 
clay in the Hildon embankment :— 


(a) Clayhas a definite pressure of fluidity, which, when developed 
and maintained, causes the clay to yield indefinitely as a 
dense viscous fluid, the vertical and lateral pressures then 
being equal. The pressure of fluidity varies with the 
percentage of water, and with the temperature. 

(b) The coefficient of friction with constant water-content varies 
inversely as the square root of the pressure. 


Mr. Ackermann’s tests showed values of the pressure of fluidity 
ranging from over 10-5 tons per square foot for a clay containing 
17-5 per cent. of water to 1-0 ton per square foot for the same clay 
containing 26-5 per cent. of water, the tests being carried out at 
temperatures between 46-5° F. and 65° F.2 The rapid falling-off of 
the coefficient of friction in a mass of clay with increase of pressure 
was confirmed by Mr. P. M. Crosthwaite.8 

In tests of the load-carrying capacity of clay, it is the difference in 
pressure between the area under load and the adjacent clay that 
induces plastic flow, the static héad of the clay not being great 
enough to prevent it. In the case of the embankment at Hildon, the 
addition of fill at the corewall possibly produced the differential 
pressure necessary for the outward movement. 

The combined longitudinal and transverse movement of the clay 
was demonstrated during the early stages of the tipping of the new 
fill on the dam, when the light-gauge tracks running parallel to the 
corewall were, as a result of the former, subjected to considerable 
tension, often failing at the fish-plates ; whilst at the centre (chainage 
1,550) the tracks were left suspended when the support was removed 
from underneath the sleepers by the outward movement of the rock- 
fill. The rock mass at this period was in a state of continual move- 
ment, but no further rapid subsidence took place, although the core- 
wall-deflexion increased during the restoration of the bank, and a 

considerable amount of material had to be placed, at the outset, to 
se good the settlement, before the new filling began to “ take 
shape.” , 


1 “ Experiments with Clay in its Relation to Piles.” Transactions of the 
Society of Engineers, 1919, p. 37. 1 
“The Physical Properties of Clay.” Ibid., 1920, p. 196; 1921, p. 87; 1922, 
p. 151; 1923, p. 25. . ; 
2 Ibid., 1920, p. 207. 
3 Ibid., 1919, p. 92. 
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_ The movement took place over that portion of the dam not sup- 
ported directly on the bedrock ; west of chainage 2,050, where the 
fill went down to bedrock, sufficient resistance against sliding on the 
“seat of the bank existed, and the clay core over that section remained 
practically intact. 
_ The pressure against the corewall from the upstream side was 
resisted by the rockfill downstream of the corewall, which, as in the 
‘case of the upstream fill, rested on the natural alluvial bed of the 
river valley, the foundation being saturated by seepage and surface- 
water. The rockfill weighed approximately 90 Ib. per cubic foot, as 
5a compared with about 120 lb. for consolidated earth, and as no attempt 
at consolidation had been made by rolling or by the washing of fines 
_ into the interstices in the fill, some internal adjustment took place 
"jn developing the passive resistance necessary to withstand the core- 
- wall pressure ; this resulted in a downstream deflexion of the dia- 
- phragm (Figs. 11, p. 129) without apparent sliding on the seat. Such 
movement could not take place without cracking of the corewall, 
particularly at the upper levels (see Fig. 13, p. 142) and partial failure 
along the base of the corewall at bedrock-level. A number of vertical 
cracks were apparent at the initial survey after the subsidence, the 
‘most serious being that at the junction of the core and “* approach ” 
walls. (Fig. 14, p. 143.) 
Further evidence of the effect of the clay-pressure was observed in 
the deflexion of the main outlet-tower in an upstream direction, the 
“ghell of this structure at its junction with the outlet-culvert arch 
“having cracked badly and endangered the safety of the outlet-works 


generally. (Figs. 20, p. 159.) 


3 


“Decision to Restore the Dam. 
In view of the extensive damage to the works, and the defects later 
- disclosed, the Government was faced with two alternatives: (a) the 
preaching and abandonment of the dam, (b) its restoration to a state 
of safety and efficiency. The economic importance of the dam has 
already been emphasized, and the Inquiry Board came to the con- 
clusion that the expenditure necessary to effect the restoration of the 
works “ will not be more than is warranted to enable the previous 
large expenditure to be fruitful of results.” The latter course was 
therefore decided upon by the Government of Victoria, and the 
- extensive remedial work, together with improvements to the main 
and power outlets and the spillway, commenced in accordance with 

_ the general recommendations of the Board. 

The damage resulting from the subsidence as discovered at the — 
outset and during or subsequent to the investigations of the Board, 
the defects in the original design of the outlets and of the spillway, 
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and the manner of executing the remedial measures will be dealt 
with in this Paper under the following heads :—Rockfill, Corewall, | 
Clay, Drainage, Main and Power Outlets, Spillway. - 


RockKFILL. 


An economical form of rockfill dam, wherein the rock is disposed 
a to give the maximum stability for a given mass of material, would 
: comply with the following requirements :— 
a (1) A foundation of sound clean rock free from overburden. 

(2) A mass of durable rock, comprising the body of the dam, 
disposed with the largest rocks on the downstream side, 
and the materials as a whole equal in grading to quarry- 
run for that particular type of rock, the spaces between 
the rocks being filled with finer material and the whole 
forming a freely-draining mass with side-slopes somewhat 
less than the natural angle of repose. 

(3) An upstream reinforced-concrete slab of the “ articulated ” 
type! supported directly on the fill and continued down- 
ward into the bedrock as a cut-off along the upstream 
toe, the depth of the cut-off being determined by the 
nature of the rock foundation. The connexion between 
the slab and cut-off would be designed to allow of settle- 
ment of the fill by forming a “ hinged.” watertight joint 
with special provision for drainage. With the upstream 

rockfill placed as a well-graded mass a uniform bearing 
for the slab could be prepared, and comparatively even 
settlement would be assured. 


In a dam of this type the whole weight of the rockfill resists the water- — 
pressure, the vertical component of which increases the total weight 
on the base and thus adds to the resistance to sliding on the seat. 
With a central corewall much of this economical distribution of the 
rockfill is lost, as the chief function of the upstream portion is to 
support the diaphragm, and, with the provision of a puddle core 
supplementing the corewall as an extra aid to impermeability, the — 
upstream rockfill is called upon to exercise the added function of 
‘supporting the clay-pressure. Large internal forces are thus 
developed within the dam, which can only be resisted by masses of. 
fill greatly in excess of the quantity required for stability in the type | 

_ with the upstream slab. ; ; 
1 A laminated type of upstream slab has recently been employed on the | 


_ San Gabriel No. 2 dam, California; see The Excavating Engineer, vol. at 
part 5, May, 1933. ‘oee 


4 
} 


| 
z “It is recommended that as soon as possible efforts be 


x 
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It is advantageous to place hand-packed rubble on either side of the 
wall to ensure the immediate development of the maximum passive 


_ Yesistance in the adjacent fill. In the Oued Kebir rockfill dam 


recently built in Tunisia1, the extreme downstream portion of the 
dam was constructed in the form of a hand-packed mass of trapezoidal 
section, between which and the central corewall rockfill was tipped ; 
the active pressure of the latter reacted against the hand-packed 
section and opposed the combined pressures of the upstream rockfill 


_ and the stored water. The corewall side of the packed material was 


_ faced with concrete to provide a smooth surface down which the fill 
could slide freely in its wedge-like action against the corewall. 


- In some recent American dams, a large-scale modification of the 


hand-packing method has been used, boulders up to 7 tons in weight 
being placed by cranes, with the object of interlocking them so as to 
prevent readjustment under pressure. 

Consolidation of rockfill may also be attained by tipping quarry 
fines amongst the larger stones, or by washing-in sand during 
construction. 

_ As already described, the Hildon dam, for the greater part of its 
length, was founded on clay, and the rockfill remained as deposited 

- from side-tipping trucks. It therefore suffered from two important 
disadvantages—(a) the lack of consolidation and the resulting low 

_ value of passive resistance of the downstream portion, and (5) a low 
resistance to sliding on the seat of the bank. Under the disrupting 
influence of the clay-pressure (supplemented by the weight of the 
rockfill superimposed on the clay) these weaknesses were manifest 
in the deflexion of the corewall and the displacement of the upstream 


portion of the bank. 


Remedial Measures Recommended. 


After the subsidence, an expeditious means of increasing the 


_ passive resistance of the downstream fill and the resistance to sliding 


of the upstream mass was to add weight, in the form of rockfill, to 
the appropriate portions of the dam. The procedure recommended 
"by the Board of Inquiry to effect this was as follows :— 


concentrated on placing the filling required above that portion 
of the bank on the upstream side of the clay. This should be 
brought up to the level of the berm at R.L. 814, and the extent 
“to which additional filling should be added above this level will _ 


1 “ TAlimentation en Eau de Tunis ” ; Revue Industrielle, vol. 61, no. 2066 


ab 
September, 1931. (See also Engineering News-Record, 3 November, 1932.) 
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depend upon further experience as to the stability of the bank. 
Filling above this level should be added in the form of raised 
sections shown on the drawing, on the broad general principle 
that weight above water level is of greater value than weight 
added below. Care should be taken to place only the hardest 
available rock on the slopes next to the water. When this 
operation is well advanced the bank adjacent to the core wall 
may be completed to the top width and slope as shown on the 
drawing.” (See Figs. 9, Plate 1.) 


The bank at the western end could not be extended until the com- 
pletion of the blister-tunnel protecting the inlet leading to the power- 
house. 

The placing of the additional rockfill on the dam was to be carried 
out in four successive phases, as follows :— 


(a) To oppose the movement of the clay and prevent its further 
subsidence, rock was to be tipped along the upstream toe — 
of the bank, forming a berm at R.L. 814 for a minimum 
distance of 130 feet upstream from the true centre-line of 
the dam. The water-face was intended to be formed to 
1 in 1:5, but actually the slope was left at 1 in 13 as — 
tipped. On completion of the power-outlet works, the 
upstream fill was to be extended westwards. 

(6) To support the corewall against the pressure of the down- __ 
stream fill, rock was to be tipped against it in such 
quantity as not to overload the clay and thus induce 
further movement, but yet to give adequate stability 
against overturning of the exposed corewall. At crest- 
level (R.L. 840) the width of this prism was fixed as 5 feet ~ 
from the true centre-line, and the upstream slope was to 
be 1 in 2; this also was modified as the work progressed, 
and the upstream slope trimmed to 1 in 1:3. 

Until the work had progressed thus far, it was deemed 

= advisable not to empty the reservoir, but to keep the level 
as nearly as possible to R.L. 776, to which the basin had 

been drawn down when the subsidence occurred. ; 

(c) To increase the supporting power of the downstream rockfill, 

; it was necessary to add to its mass and thus help to _ 

| increase its frictional grip on the natural surface. Rock 

was therefore to be tipped over the whole downstream 

‘ face, the crest being widened from 20 feet to 60 feet; 

a thickness of 3 feet beneath the face was hand-packed 

. to give a uniform finish to the slope, which was left at 

7; , 1 in 1:3. (Further steps to increase the frictional 
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resistance of the bank on the seat by draining the under- 
lying strata are referred to on pp. 148-157.) 

(d) Surcharges of rockfill, both on the upstream side of the dam 
between R.L. 814 and R.L. 828, and on the downstream 
side between R.L. 840 and R.L. 857-6, were to be added to 
increase the support for the clay and the pressure against 
the corewall respectively. The former would tend to 
counteract the effect of the immersion of the fill on the 
water-face, whilst the latter would add to the passive 
resistance of the mass behind the wall by its compacting 
effect. 


_ To carry out the minimum requirements as above set out, it was 
estimated that at least 700,000 cubic yards of material would be 
- required, distributed in approximately equal quantities upstream 
and downstream of the corewall. The problem of placing such a 
_ quantity of material on the dam in the minimum possible time at 
‘once became one of major proportions, for, besides the immediate 
necessity of fixing the upstream toe, it was imperative that the dam 
as a whole should be restored to a condition of safety in such time as 
to enable it to cope with the normal high-reservoir period and 
_ subsequent draw-off during the irrigation season. 
It was evident that such a complete restoration was impossible 
‘before the expiration of one cycle, and the precautionary measure 
adopted of lowering the full-supply level 15 feet, by cutting down 
150 feet of the spillway-crest to R.L. 808, limited the possible head 
on the dam to a minimum in case a condition of comparative stability 
‘had not been attained in the 3 or 4 months that would elapse before 
the next high-river period. 


_ Method of Placing Fill. 

In placing rockfill to form the original bank, material was trans- 
ported from quarries at both the Sugarloaf and Pinniger ends in 
horse-drawn takes of 1-cubic-yard side-tip trucks. That from the 
‘Sugarloaf end was placed directly on the lower levels or hauled up 
“ramps to higher elevations ; at the Pinniger end, rakes were gravi- 
‘tated to the dam by means of brake-drums, the loaded trucks in 
their descent raising the empty ones to the assembly-points near the 
‘quarries, 
At the commencement of the remedial operations, in view of the 
urgency of the work, these methods were again resorted to. The 


ars one-man ” size and hand-loaded. Ze 
Other methods of working were considered, including that: of 


ie 


stone, after being barred down from the quarry-faces, was broken to 


‘edie al ; Te ee i ce P ‘ p ee 
a ; “a at on 


2 ae 
q 


operations on the faces, which reached a height of over 100 feet, were 


_ prevent the collapse of the unsupported portion of the corewall, 


136 KNIGHT ON SUBSIDENCE OF A ROCKFILL DAM AND 


transporting rock from Sugarloaf by means of a ropeway supported 
on movable towers at crest-level, but these proposals would have 
involved various difficulties, including the opening-up of an old 
quarry with a 300-foot face, whilst the installation of the plant would 
have delayed the commencement of the work. In one quarry a 
mechanical loading method was tried for a short period, a 2-cubic- 
yard dragline being converted for use as a crane and employed to 
hoist loaded skips from ground-level and tip them directly into the 
trucks. It was soon found that, although a slight saving could be 
effected by the method, the total output necessary, considering the 
urgency of the operations, could only be attained by the use of a 
number of such units, the cost of which, even had they been 
immediately available, would have been prohibitive. 

It was therefore decided to continue loading by hand, working the 
more accessible Pinniger quarries with as many faces as possible. 
In order to expedite delivery to the dam, the horses hauling the rakes 
were replaced by petrol tractor locomotives. q 


Quarrying and Tipping Operations. 
The two Pinniger quarries were situated on the north-western and 
north-eastern flanks of the spur abutting on the east end of the dam. 
Working three shifts in the quarries was in this instance un- 
avoidable, and a powerful system of floodlights was installed. Night 


confined to drilling, in readiness for blasting on the following day, 
all barring-down of loose material being completed in daylight if 
possible. The rock was quarried to conform to a slope of about 
40-45 degrees to the horizontal. ° 

Two, and later three, sections were opened up in each quarry, and 
takes of up to nine trucks used. While horse traction was in use, 
the rakes were lowered to the upstream berm at R.L. 814 on the. 
brake-drum, but, with the introduction of tractor locomotives, 
which could negotiate the grades, and had other advantages, this 
plant was dispensed with and the loaded rakes were cleared more 
rapidly. 


- - on ~ - 
a 


Progress of Work. 


The quantities of rockfill placed during successive periods are 
shown in Figs. 12. 7 


_ At the beginning of May, 1929, the full extent and nature of the | 
subsidence were not known; as the immediate necessity was to 


a trench was excavated along its downstream side and tipping was 


. 
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commenced along the upstream side from tracks laid on the embank- 
ment. The rockfill continued to settle at the rate of about 1 foot 
per day for some days after the subsidence. 

_ Before rockfill could be tipped along the toe of the clay, from the 
‘upstream berm, a ramp and tracks had to be laid and material made 
available from the operation of supporting the corewall. This 
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commenced in August after 65,700 cubic yards of fill had been placed 
gainst the corewall, where during the next 3 months (up to the Ist 
Jovember) a further 20,000 cubic yards were tipped, while 97 500 
ibic yards were disposed along the upstream toe and 8,800 cubic 
ards on the downstream side. 
decreasing rate to approximately R.L. 770. 


g 


During the period the old fill at chainage 1550 settled at a gradually Z Ze: 


x 
es 
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For 12 months from November, 1929, only small quantities were 
tipped at the corewall, the majority going on to the downstream bank 
and the upstream berm approximately in the proportion of 5to3. 

7. An interesting feature of the loading of the original fill on the down- 
stream side was the sudden increase in the corewall-deflexion, that 
at chainage 1,550 being shown in Figs. 12. This was, in all proba- 
bility, due partly to the “ pyramidal ” settlement of the old fill away 
from the diaphragm and partly to the compression of the supporting 
mass beneath it, the corewall having a considerable lean down- 
stream. 

A condition of comparative stability was reached in November, 

: 1930, but with the resumption of tipping on the downstream side in 

November, 1931, the corewall-deflexion again reflected the move- 

- ment in the bank. A period of consolidation then commenced, 

z ~ “during which further movement was practically negligible. Observa- 

, tions of deflexions up to 1936 are given in Table IX, p. 140. 
In widening the downstream portion, it was necessary to tip the 
rock from the crest down slopes lying at the angle of repose, upon 
which berms had been left after completion of the first stage. At the 

eastern end, to reduce this fall, the line was supported on one of 
these berms at R.L. 780 running out to chainage 1,050. The 
difficulty of holding the rock thus tipped on the slope was overcome 
by erecting fences of light rails about 4 feet high at intervals below 
the tracks, against which the falling material accumulated. The 
proportion of the fill which found its way to the bottom was small, 
and this surplus was later levelled on the natural surface in a series of 
terraces which gave added support to the toe. The entire down- 
stream slope was finished by hand-packing a thickness of 3 feet. 
Tipping at the western end was deferred until the completion of the 
protective blister-tunnel over the power-outlet in July, 1930, when — 
the bank was extended along the approach-wall to chainage 2,515, 

at R.L. 840, the toe reaching to within 6 feet of the entrance to the 
blister-tunnel. 
The rockfill was practically completed, except for small quantities — 
placed in the western end and downstream surcharge, in 1932. The 
total quantity of rockfill in the dam as now constructed (Figs. 3, 
Plate 1) is 2,000,000 cubic yards. 


ae CoREWALL. 


The thickness of central corewalls for rockfill dams has been the 
subject of mathematical treatment, but the results appear to vary 
considerably ; one writer states that a diaphragm of 2 feet in thick- 
ness from top to bottom has formed a satisfactory “ stop for percola- 
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tion,” whilst another in the case of a proposed dam to retain 96 feet 
of water gives a thickness ranging from 6 to 18 feet. It would thus 
appear that the design of the diaphragm is largely a matter of 
judgement and experience. 

The septum of comparatively thin section provides the necessary 


flexibility in a rockfill dam, and with adequate reinforcement the 


occurrence of any crack of major dimensions is precluded. Pro- 
vided that the dam stands on a suitable foundation and is properly 
drained, any leakage through the core will pass downstream without 
damage to the structure. The corewall of the Hildon dam is of this 
type, being 6 feet wide at natural surface and 2 feet at the top 


- (see p. 117). Flexibility has been aimed at, a double grid of rein- 


forcement being relied upon to bind the mass and to induce a series 
of minor cracks at points of maximum deflexion. The design was 
successful in that, despite the severe deflexion to which the wall was 
subjected at the time of the subsidence, it still remained practically 


_ impermeable. 


Perhaps the most noteworthy feature in the behaviour of the core- 


f wall after the subsidence was that the exposed portion did not 


collapse upstream under the influence of the pressure of the down- 


stream rockfill. The thickness of the wall at 26 feet below the crest 


was only 3 feet, but the pressure due to that height of rockfill was 
resisted by the doubly-reinforced concrete wall without any apparent 
upstream movement ; in fact, the downstream deflexion continued. to 
increase. ‘This would bear out the belief that, over a period of years, 


the rock particles of the downstream fill were being compressed and 


their frictional grip one with the other increased until the active 
pressure in an upstream direction was greatly reduced, possibly 


even below the “at rest” value originally existing. The case in 


point may be a verification on a large scale of the experimental 


results obtained by Mr. R.Stroyer, M. Inst. C.E., in his determinations 


of earth-pressure on flexible walls.1 

The behaviour of the corewall both as to impermeability and 
deflexion was the subject of constant observation. Regular gaugings 
of the flow of water through the leaks and determinations of the 


- corewall-deflexions were carried out throughout the duration of the. 


remedial operations. 


 Defleaion. 


In determining the deflexion of the corewall, permanent sighting 


points were established on both Sugarloaf and Pinniger, in continua- 


tion of the true centre-line, and the deflexions of the top of the core- 


1 See Journal Inst. 0.E., No. 1, Nov. 1935. 
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wall at 50-foot intervals were observed. A remarkably consistent 
series of readings, extending over more than 5 years, was obtained, 
observations being made daily for the greater part of the time, and, 
when movement became negligible, twice a week. 

The deflexions of the wall thus recorded were of great interest. 
After periods of comparative rest it would resume its downstream 
movement for no apparent reason, and at times the differences indi- 


TaBLE IX. 


. Date Defiexions in feet at chainage :— 
alee (Downstream except where shown “‘ U.S.’’) 


950 ease | 1550. 2300. 

; 10 May, 1929. 1-06 0-13 4-52 US.| 4-78 

» 25 June, 1930. 1-41 0-18 490 | 1-49U.S.| 6-63 

ee 24 June, 1931. 1-70 0-02 5-03 | 150U.S.| 6-88 

24 June, 1932. 1-76 0-07 512 | 1-46U.S.| 7-06 

27 June, 1933. 1-74 0-10 521 | 151U.8.| 7-23 

26 June, 1934. 1-74 0-10 5:29 | 154U.8.| 7-29 

18 June, 1935. 1-81 0-12 5-40 | 1:50U.8.| 7-40 

16 June, 1936. 1-82 0-08 5-41 | 1:54U.S.| 7-43 
< 
- 


cated temporary minor upstream displacements. (See Figs. JJ and — 

a 12, pp. 129 and 137.) It was endeavoured to find some relationship 

ce between these variations and the factor or factors affecting them, 

. such as reservoir-level, variations in pressure on the diaphragm due to — 
unequal disposal of the rockfill, or the vibration of the bank resulting 

_ from the passage of the tractor-drawn rakes, but nothing (except 
perhaps the movement due to settlement of the downstream fill, 
referred to on p. 138) was of sufficiently definite character to be 
plotted in the form of a graph. (See Fig. 12.) During the period 
June 1929—May 1936, increases in the total deflexions were as 
shown in Table IX, the upstream movements, wherever recorded, 
being ultimately “cancelled” by the general downstream trend 
(see also Figs. 11, p. 129). There was comparatively little move- 
ment at the curves, the radii of which were each 700 feet. 


Cracks. 


oS.*- The cracking which occurred in the corewall took the form of 


vertical, diagonal and horizontal fractures disposed throughout the — 
diaphragm as follows :— 


(2) The vertical cracks occurred mostly above R.L. 823 through- 
out practically the whole length from chainage 950 to 

2,150. At the western end (chainage 2,060 to 2,125) they | 

nn 
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extended downward to R.L. 808 (Figs. 13, p. 142) and 
assumed a diagonal trend from east to west. The worst 
crack occurred at the junction of the corewall and 
approach-wall (Figs. 14, p. 143) at chainage 2,427, where 
an opening 1 inch in width occurred in the upstream 
face, accompanied, on the downstream side, by a com- 
pression failure with the usual flaking of concrete ex- 
posing the reinforcement in parts. It extended from 
the crest to R.L. 756. This was a typical failure in 
cross bending, the corewall being held in place solely by 
the 4-inch-diameter reinforcement. The majority of the 
smaller cracks were no doubt caused in the first instance 
by thermal contraction and expansion (temperatures at 
Hildon ranging from freezing point to 110° F. in the 
shade), and were extended by the bending of the corewall. 

(b) Many of the expansion-joints, left in the corewall at intervals 
of 50 feet, had opened up, and in some instances the 
concrete key, poured finally to close the joint, had cracked 
through. This condition occurred mostly west of 
chainage 1900, where all the joints had so failed, the 
cracks extending to R.L. 790 at 1,900 and shortening 
progressively to R.L. 817 at 2,150. East of this the 
extremities of these joint-cracks were found at levels 
between R.L. 777 and R.L. 801. 

Except for that at chainage 2,427 feet, the vertical 
or diagonal cracks were of comparatively minor sig- 
nificance. 

(c) Along the base of the corewall between chainage 1,530 and 
2,200, a horizontal failure had occurred between R.L. 724 
and 725, from 2 feet 6 inches to 5 feet above the surface 


_ of the bedrock and between 8 feet 6 inches and 11 feet 
a above the bottom of the corewall bonding trench. 
Although it was not disclosed until the driving of the 


drainage-tunnel along the base of the diaphragm, calcula- 
BS tion showed during the early investigation that such a 
Bs crack was certain to have been caused by the known 
deflexion. On the downstream face it was a typical 
compression failure, flaking of concrete and. exposure of 
the reinforcement having occurred, and it can be 
assumed that a corresponding tension failure with 
opening-up of the crack took place on the upstream side 
(Figs. 13.). This crack reappeared at the inspection- 


at approximately the same level, and probably ended 


shafts over the outlet-tunnel at chainages 2,242 and 2,248 _ 


——————————— eee 
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near the thicker portion of the approach-wall some 
distance short of chainage 2,427. 

Immediately east of the base of the shaft at chainage 
1,530 a fractured zone, at about R.L. 724, was un- 
covered while driving the drainage-tunnel. Water found 
its way through this crack either as seepage or as jets 
spouting into the tunnel. At chainages 1,530 and 
9,242-9,948, jets yielded a maximum of 24 gallons per 
minute and 12 gallons per minute respectively. The 


Figs. 14. 
= # . Approach-wall 

a oo 

BA. a CorewallS 

Sy ayy As designed >__ 1 Spillway 

Top of clay. Kotwal (i929)! 
Original position ‘ | Soy, 
Inspection-shaft i} P Nox 
ey added 1931+" 2 eal Se’ 


CROSS SECTION AT 2,427 FT. 
Scale: 1 inch = 160 feet. 
Feet 50 0 50 100 feet Corewall 


Inspection-shaft 
added 1931 


Timber shaft 
Perrnanent concrete 


(Jae 
Reinforced with Sis AN 
- ge Sa tf Se AS inspection-shaft 
horiz and vert. Of \ 


Temporary 6’ x 3’ 
i) 


Reinforcing bars 


timbered shaft ! extend to 
Filled with A | contraction-joint 
at 2,504 feet 


Scale: 1 inch = 12 feet. 


FeetS5 43210 5 fee 
Li tt + __—__—_I PLAN SHOWING TOE OF CLAY AND 
PLAN OF SHAFT AT 2,427 FT PROBABLE LEAKAGE-PATH. 


Junction OF COREWALL AND APPROACH- WALL. 


maximum drainage from all sources in the corewall was 
48 gallons per minute. 

These jets were thought to be fed by springs in the 
gravel wash rather than by water finding access direct 
from the reservoir, as the crack was below the open cut 
made prior to sinking the ponding trench, and therefore 
below the clay protecting the corewall. At chainage 
2,242 to 2,248, however, the clay was directly opposed 
to the crack, and the water passing through the corewall 
at this break carried suspended clayey matter, having 
possibly found its way through shear cracks in the clay — 


(Fig. 15, p. 144). 
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Treatment of Cracks. 

All vertical cracks were followed down to their full extent by 
sinking timbered shafts 5 feet by 3 feet (over timbers) through the 
rockfill. Dovetailed chases about 2 inches wide, and the same 
depth, were cut along the cracks and then sealed in the following 
manner. Firstly, a composition of mortar mixed with asbestos 
fibre, previously soaked in water, in the proportions of 


Fig. 15. 


Top of concrete corewail R.L. 840 
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INSPECTION-SHAFTS AT CHAINAGES 2242, 2245, anp 2248, Looxina 
DowNSTREAM. 


1 asbestos: 8 cement: 16 sand, was plastered on the sides and 
bottom of the chase. A heart of mortar composed of 3 parts of sand 
or toppings to 1 of cement was then tamped into the opening, leaving 
about $ inch of the chase to be finished off with the asbestos mixture. 
Shrinkage of this filling was negligible, and in the absence of further 
movement it proved an effective seal. The repaired cracks were 
then protected by a layer of clay concrete, consisting of 9 per cent. 
sand, 36 per cent. clay, and 55 per cent. quarry fines, mixed in a 
pugmill. When packed with wooden rammers in 6-inch layers, it 
adhered closely to the wall and was practically watertight. When 
placing the clay concrete, the shaft setts were lined with vertical 
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sheeting of either hardwood or red gum; this provided a com- 
paratively smooth surface past which the material could settle if 
necessary. 

The corewall-joints that had failed were chased and plastered as 
above and coated with a bituminous paint before filling the shaft with 
clay concrete. In the worst instance of a joint failure, which 
occurred at chainage 1,950, the upstream side of the crack was cut 
to form a dovetailed chase and filled with the cement—asbestos 
mixture, whilst the downstream side, where a second shaft had been 
sunk for the purpose, was caulked with oakum soaked in cement 
grout. Bitumen heated to the necessary fluid consistency was then 
poured in through short pipes left in the upstream filling at intervals 
of about 10 feet, to seal the joint. The usual clay-concrete filling 
was then tamped into the upstream shaft, and an inspection-well 
constructed on the downstream side as part of the drainage-system. 

At chainage 2,427, two shafts were sunk, one on either side of the 
junction of the core- and approach-walls (Figs. 14, p. 143) ; they were 
made large enough to allow ample cover over the crack on the 
water face and sufficient clearance for a permanent concrete-lined 
inspection-shaft (subsequently incorporated in the drainage-system) 
on the downstream side. 

On the upstream side the crack was 1 inch wide at the crest of the 
dam, and } inch wide at R.L. 778, numerous branch cracks having 


formed simultaneously ; yarn was employed to caulk the joint as a 


preliminary step. The flaked concrete was removed and chases 
cut along the smaller cracks where it was not possible to caulk. 
Cement mortar was tamped into the crack against the yarn backing 
and finished off with cement asbestos composition, as described 
above. On the downstream side no attempt was made to seal the 
break, but the damaged concrete, which as a result of subsequent 
movement may have become dislodged, was removed, in some 
instances further exposing the reinforcement. 

Most of the shaft-sinking was completed in October, 1929, and the 
sealing to the old full-supply level, R.L. 823, by November of that 
year. In December the clay concrete was brought up to the level of 
the rockfill (R.L. 830), and by June, 1930, the filling had been com- 
pleted to R.L. 836, above which level rockfill was tipped in, com- 
pleting the upstream bank to the new section. 

The shaft on the downstream side of the junction at chainage 
9,497 was left as originally sunk (Figs. 14, p. 148) until August, 1931, 
when a commencement was made on lining it with reinforced con- 
crete; the lining was completed in February, 1932. In designing 


the lining, no support was counted upon from the frictional grip 


on the corewall, and the “ wings’ were designed as cantilevers to 


Subsequent Behaviour of Crack at Chainage 2,427. 


originally and the shaft again sealed. 


_ year since the subsidence are shown in Table X, p. 148; they a 


_ enabled it to withstand successfully the severe treatment to which 
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resist the rock-pressure. The weight of the lining was taken on a 
series of four steps between R.Ls. 716 and 724 (Figs. 16), and, to 
allow of free settlement of the fill past the concrete, the shaft timbers 
were lagged on the inside and the annular space packed with spalls. 
Six 6-inch diameter drainage-holes were left in the lining at R.L. 
727-5, while at floor-level (R.L. 725-9) a similar drain was left to 
keep the shaft clear of ordinary seepage. The former would provide 
for any flow due to a fairly large possible future extension of the 
crack, and would prevent the shaft from filling, thus facilitating 
inspection. ; 


During October, 1934, a substantial increase in the water entering 
the shaft was noticed. At about R.L. 765, where previously only 
a dampness due to seepage had been noticed, water was jetting 
through the crack. This was kept under observation for some time, 
and it was observed that the jet always appeared with the surface of 
the reservoir water between R.Ls. 821 and 822. During the low- 
water period of 1935, the upstream shaft was opened up and the 
corewall at R.L. 821 examined. It was found that the crack had 
opened a further § inch, and water, passing between the face of the 
wall and the shaft-timbers (between the inside and outside linings of 
which pug had been tamped during the placing of the clay concrete) 
had found its way through the reopened crack, down to R.L. 765, 
and thence into the inspection-shaft. The crack was treated as 


Final Condition of the Corewall. 


It is quite probable that throughout the length of the corewall 
during its continued deflexion, local adjustments resulting in the 
formation of fresh minor cracks have taken place, which are reflected 
in the increase at chainage 2,427. The question arises as to how far 
this adjustment will proceed before ceasing, and whether the junction-— 
reinforcement will hold until that state is reached. The total yearly 
increases in the downstream deflexions at three points during each 


indicate a gradual stabilization of the dam. 

From those data it can be expected that no further serious cracking 
of the diaphragm will take place before a condition of practically _ 
complete settlement has been attained, and that its flexibility has 


it was subjected during the subsidence. a 
The staunching of the horizontal crack along the base of the core- _ 


147 


f 


REMEDIAL MEASURES AT EILDON RESERVOIR, AUSTRALIA. 


“‘SLEVHQ-TIVMGNOD +: WHESAQ-GOVNIVAG NIV] 


499} OL Gy € Z@ bt O9aL SB4dU| VA 
“14 OS6'l GNV “Ld OSO'! Lv * 72348 = YOU L +9/20S | ‘r4 OS6*L GNY “L4 OSO'L LY SLAVHS 
SiaVHS 40 STIVM JO LNSWSSxO4NIaY aieeeen ‘aa’ NOWwoas <hatte 
‘y0}°0,.8112 “ .f 20F°9,672 ” .f Ov8-028 ql-se x .G x .01 OM ee 
‘ 90} 09.G1}32 “ .€ (9049.93 “ .# 028-008 36% } : 
*1ag4 Ley'e Lv aps ’ Bris =e 
LaVHS-NOILosasNI 9 Oh '9..2b92 "FOO OuEv Ie AE 008-08L re 
Doyo avAe Sat OLS aye “ , O8l-09L } 
‘99 NOILD3SS E 
Pee eee - 709 0}°9,.2, 38 “ § “9 0} °O.998 -€ O9L-OPL 
Grae 56 +5 0} '2 ZL Je “VIP of *2O}'9 G32 CIP .E OvL-OZL “TY 
*. jaa}s j2ol}Ha/, [99}S "ZO UO!LSOg A: 
= sweed-T. | 2/' et Lee : ay he i {jBNjai05 .* gee a “i x 
a’sN 'QtS X69 X.PL OME _ 7" HOROIND: SING Cee Sn te ano 66 Eee Fo \ 
IP al sieocsae Oe E { 
ek tamer i joryouryS a8 Wolo Vw NOILDSS 


|yemaJ09 JO JUBWAAOW 


moj[e 0} S}UIOf paoey-uealg, /~. 


a OL 


CORR = pees oan 


JJ2MAIOD JO JOO} O}U! 
paj}noi6 seq “SW “e!p 


\|2Mal09 40 


“3a NOILOSS 


me-—-- 


-=— 


2° |JBMal0D. re) au ij 


aul 


P) 


. 


asjusq" 


“QI-0€ X GX .0L OM} SU 


PU Lele =,0ge. "ey I 
J0G01 32 18091 490N> 


swesaq-T he 


yjenaso9 Jo JUaWAAOW : 
“QO x.GxOLOML 


sweeq-T . 
Mo}|2 O} UO! arias 


“QI-LG X49 X PL OMY’ 


ca 


‘or ‘sbug 


; 
an _ 


r o . _ 
- Bs Baa - 
. 


148 KNIGHT ON SUBSIDENCE OF A ROCKFILL DAM AND 


wall was left until the concreting of the 3-foot-diameter corewall- — 
drain (Figs. 17, Plate 1), when it was covered by the concrete in which 
the pipes were embedded. This was considered a sufficient seal, and j 
provision was made to admit any leakage passing the concrete into 

the drain through openings between pipe-lengths. 


TABLE X. 


Deflexion (feet) at chainage 


Period, 

1550. 1600. 
Last 7 months, 1929 — 011 — 0-22 
Year 1930 : + 0-65 + 0-65 
Year 1931 + 0-01 + 0-03 
Year 1932 + 0-15 + 0-14 
Year 1933 + 0-04 + 0-04 
Year 1934 + 0-10 + 0-11 
Year 1935 + 0-08 + 0-07 
_ First 6 months. 1936. — 0-03 0-00 


~ “ce 


— ” denotes upstream, “‘ +- ” downstream deflexion. 


The methods adopted in sealing the cracks have proved quite — 
satisfactory and, apart from any further minor breaks which may 
have been caused during movement since their staunching in 1929- _ 
1930, through which (if any) it has not been possible to detect any — 
additional leakage, it may be said that the original condition of | 

_impermeability of the corewall has been successfully restored. | 

The total leakage through the diaphragm is subject to seasonal — 
variation, as will be seen from the gauging graph (Fig. 19, p. 157). 
During a recent rise in the reservoir, July-August, 1936, from R.L. 
763-5 to R.L. 821-95 the gaugings increased from 17-9 gallons per _ 

_ minute to 36:3 gallons per minute (including a certain amount of — 
ground-water) which, for the total length of the corewall served by 
the drain (about 1,700 feet), represents a remarkably small leakage. 
— 

DRAINAGE. : a 

In a rockfill dam with a central corewall, reliance is placed wholly — 
upon the downstream portion of the bank to support the wall against — 
_ the overturning effect of the combined pressures of the upstrea 
_ Tockfill and the stored water, and in order-that the mass may be — 
___ capable of developing its full reaction to these pressures any tendency — 
_ of the downstream fill to slide on the supporting surface must be 
completely eliminated. Where the dam is founded—as in the ca 
the western 300 feet of the bank in question—on rock of an ‘une’ 


? . 
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surface occurring in nearly vertical strata, the resistance to sliding is 
immediately developed, and is unimpaired by any subsequent 
wetting. The case is, however, quite different where the foundation 
consists of strata of gravel wash and clay superimposed upon the 
bedrock. 
The greater portion of the Eildon dam rests on a foundation of this 
nature, the surface layers in direct contact with the rockfill consisting 
of loamy clay, which would possess little resistance to sliding after 
saturation with water, and the stability of the bank in general would 
thus be threatened if such a condition of saturation were allowed to 
persist. The intention, in the original design, was to convey the 
seepage through the corewall, and any water from other sources, 
to the outlet-culvert by means of a French drain incorporating a 
3-inch earthenware pipe along the back of the wall. No other means 
was provided of preventing saturation of the foundation of the bank. 
The nature of this foundation was made clear by the results of 
bores sunk near the downstream toe at the central part of the dam in 
June, 1929. These bores showed depths up to about 18 feet of clay 
of various consistencies, mostly wet. They did not disclose the 
sand stratum up to 4 feet in thickness which occurs immediately 
above the bedrock, the level of which, along the greater portion of 

the drainage-system, ranges from R.L. 720 to R.L. 724. Water 
-_zose in the boreholes to within a few inches of the natural surface of 
the ground. 

At the time of the subsidence the ground near the toe of the dam 
from about chainage 1,200 to 2,000 was quite soft and wet. Spring 
waters were running over the surface in parts, and particularly in an 
area centred at about 300 feet downstream of chainage 1,200, where a 

saturated condition had been experienced for some time previously. 

~ The French drain was found to be blocked, and the water had dammed 

up to surface-level against the corewall, as disclosed by soundings 
taken in the 1,530-foot shaft. This accumulation of water resulted 
~ from surface runoff, leakage through the corewall, percolation through 
the gravel wash, and from water under pressure spouting through 
fissures in the bedrock—as was apparent on uncovering the rock 
surface during tunnelling. 

Whilst no apparent movement had taken place in the downstream 
fill up to the time of the investigations into the cause of the subsi- 
dence, the condition of the ground underlying the bank gave cause 
for anxiety. The Board of Inquiry therefore recommended the 
4 installation of a corewall-drain (Figs. 17, Plate 1) driven along the 

back of the corewall from chainage 550 to 2,250 on the approximate - 
level of the French drain. As this drain would take some time to 
complete, a more expeditious means of obtaining at least partial 
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improvement was also to be employed; an agricultural drain was 
to be placed at a depth of about 4 feet along the ultimate downstream _ 
toe of the dam. It was anticipated that this would drain the natural _ 
surface for a distance of 80 to 100 feet on either side of the line. A 
third system was to be laid down to prevent surface-water from 
passing in underthedam. This consisted of surface drains lined with 
rubble masonry laid along the hillside near the east end of the dam 
to convey such water into the depressions leading to the river. 


The Corewall-Drain and Outlet. 


This system as constructed (Figs. 17, Plate 1) consists of a 3-foot 
diameter drain running along the back of the corewall from chainage 
1,040 to 2,200, falling from each extremity on a grade of 0:1 foot 
per 100 feet (except between chainages 1,530 and 1,200 where the 
grade was 1-1 foot per 100 feet) to a junction-chamber constructed 
below the inspection-shaft at chainage 1,530 with invert-level at 
R.L. 721. The water collected is conveyed through a similar drain 
250 feet in length lying at right angles to the corewall on a grade 
of 0-1 foot per 100 feet to a shaft giving access to the system from 
the natural surface (R.L. 743) at a point 80 feet from the toe of the 
dam. In the south wall of this shaft is the entrance to the 2-foot- 
diameter outfall to the river. Provision was made in the shaft 
for gauging the drainage-flow from the dam. This 250-foot length — 
of pipe effectively drains the gravel wash underlying the clay, and 
assists in drying-out the foundation for a distance of, probably, 
300 feet on either side of the line of the pipe. ¥ 

Between chainages 1,100 and 1,508, the 3-foot-diameter drain was 
driven under the natural surface at an average depth of 20 feet, and 
in order to lead water from the rockfill adjacent to the corewall into 
the system, five pipes or “ risers’ 12 inches in diameter, spaced at 
intervals of 100 feet, were constructed, passing through the clay and 
gravel to tap the French drain. From chainage 1,530 westward, 
the corewall-drain traverses the rockfill immediately above the bed- 
rock, which extended half-way across the drive. The 3-foot pipe 
throughout its length is thus in direct connexion with the rockfill ‘3 
it follows the horizontal crack at the base of the corewall, and the 
water from both these sources flows directly into the drainage- 
system. / 

The corewall-drain comprises a doubly-reinforced concrete pipe 
embedded for a depth of 2 feet in mass concrete founded on bedrock — 
and extending across the drive from the timbering to the corewall. — 
The pipes were specially made to the Commission’s specification with — 
sufficient strength to support a depth of 130 feet of rockfill ; they were | 
4 feet in length and placed with a gap of # inch between pipes for the — 
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entrance of drainage-water. Pressure-relief drains 2} inches in 
diameter at 4-foot 6-inch centres communicating with bedrock were 
cast in the concrete embedment, to convey spring water into the pipe 
from the foundations. The pipes were covered with a 12-inch layer 
of 4-inch crushed rock, and spalls up to 70 lb. in weight, or “ one- 
man stone,” were hand-packed between this and the tunnel-roof. 
With the ultimate rotting-out of the timbering, the weight of the 
superimposed rockfill would thus be taken evenly by the pipe. 
At the junction-chamber at chainage 1,530, connecting the eastern 
_ and western corewall sections and the 250-foot length of drain 
_ leading to the main access-shaft and outlet, heavy reinforced con- 
struction was necessary where the drainage-tunnel skirted the base of 
the inspection-shaft (Figs. 18, p. 152) ; the overlying gravel and rock- 
fill were here supported on a roof-slab bearing on mass-concrete but- 
tresses in extension of the pipe embedment in the adjacent drive. 
The base of the shaft, which is constructed monolithically with the 
 corewall, was cut away so as to leave sufficient clearance above the 
chamber roof to allow of future corewall-deflexion. Details of the 
‘main access-shaft at the end of the 250-foot length of drain are shown 
in Figs. 17, Plate 1. 
_- Shafts giving access to the system from the crest of the dam were 
constructed at chainages 1,050 and 1,950 (Figs. 16, p. 147). 

The 2-foot-diameter outlet-pipe leads southward and westward 
from the main access-shaft, passing through three inspection-shafts 
and an ejector-pit constructed to enable the drainage to be dis- 
charged into the river in time of flood. The ejector-pit (Figs. 17, 
Plate 1) is divided into two compartments by a doubly-reinforced 
partition 7 inches thick, in the bottom of which is a flap valve so 
_ placed as to prevent flood-water from the river entering the ejector- 
well and the 2-foot-diameter outfall-pipe. The ejector-well contains 
four 3-inch ejectors fed from a 6-inch-diameter water-main from the 
reservoir, water from which is thus available to cleat the well of 
drainage. With this arrangement the maximum head is available 

~ at the ejectors at periods of highest river-level. 

_ The drainage normally passes into the outfall through the non- 
return valve, but in times of flood the valve may be closed and the 
drainage dealt with by the ejectors. 


¢ 

. The Agricultural Drain. ‘ 
This was laid down along the toe of the dam ; it is, for the greater 
_ part of its length, 9 inches in diameter and follows the grade of the 
natural surface at a depth of about 4 feet. At the changes of grade _ 
and intermediate points, inspection-shafts 4 feet by 3 feet are installed 
_ with sumps to act as sand-traps. Prior to 1933 the pipe discharged 
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at the lowest point of the rock surface, at 325 feet downstream of 
chainage 1,300. A well of 3-foot pre-cast pipes was constructed 
inside the shaft, and the space between the pipes and the timbering 
packed with spalls, the ground-water being pumped from the well. 
Further relief was obtained by continuous pumping at the inspection- 
shaft at chainage 1,530, where the water was eventually lowered to 
the level of the bottom of the shaft, the French drain at both the 
eastern and western section of the dam being thus gradually drained. 

Simultaneously with this preliminary dewatering of the dam- 
foundations, the agricultural drain described above was laid; by 


_ February, 1930, the drain was completed for 1,990 feet to the junction- 


shaft at chainage 2,183 and the drainage discharged thence through : 
the opening in the main outlet-culvert wall. During September— 
October, 1933, after the closing of the outlet-culvert by the needle- 
valve control-structure, the drainage was diverted to its final outfall 
(Figs. 17, Plate 1). Whilst the river can gain access to the junction- 


shaft, the agricultural drain is above flood-level throughout its 


length. 

To prevent surface-drainage from isolated depressions on the hill- 
side below the contour-drain passing along the surface slope and. 
thence under the dam, a 12-inch drain was laid in a small tunnel 
immediately beneath the natural surface under the rockfill at 


Si chainage 550 (Figs. 17, Plate 1). Rubble masonry walls were built 


up on the concrete floor on which the pipe was laid with open joints, 
and the drive backfilled with spalls. The drain discharged into the 
agricultural system at the adjacent inspection-shaft. 

The construction of the main corewall-drainage system was begun 
in September, 1929. The main access-shaft, 9 feet by 5 feet clear 


4 inside the timbers, was first sunk, bedrock being entered for a 
depth of 9 feet to allow for a sump in the completed shaft. The 


drive to the corewall was commenced immediately on bottoming, 


and was 7 feet by 5 feet clear inside timbers. Ample ventilation was 


provided by the circulation of air through the rockfill when the 
corewall was reached. 

‘As mentioned above, the drainage-system was designed so as to 
have the concrete work bedded on rock, variations in the surface- 
levels of which necessitated driving through depths of up to 3 feet 
above the tunnel floor. Where the rock dipped below grade level, a 
trench 2 feet wide was cut in the overlying gravel to permit of the 


base concrete being carried to bedrock. 


Precautions were taken during the approach to the corewall to 


avoid the danger that the tunnel might be flooded by tapping possible 
- “yegervoirs” of entrapped water. Pilot-tubes 3 inches in diameter, 
one on either side of the tunnel, were driven forward for about 15 feet 
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through the pipes, the pumping proved to have relieved the ground | 
of much of the surplus water by the time the anticipated danger- 
zone was entered, and no large quantities of water were encountered. 
The gravel wash, however, was in a saturated state and water 
constantly seeped into the drive ; all drainage was led to the main 
access-shaft, where it was pumped to the surface. 
At the base of the shaft at chainage 1,530, from which point the 
tunnel branched right and left along the corewall, special timberiz gs 
was used to provide space for the concreting of the junction-chamber. 
The approach-tunnel was here opened out to three times its width — 
for a distance of 11 feet from the corewall and provision made to 
allow of the transfer of the load from the posts to steel struts, which _ 
were later embedded in the concrete of the chamber supporting the _ 
reinforced-concrete roof-slab (Figs. 18, p. 152). The clearance 
necessary for constructing the slab was provided by raising the 
tunnel-roof. The corewall-drives were similarly opened out for a 
distance of 11 feet on either side of the centre line, beyond which the 
original dimensions of 7 feet by 5 feet were adhered to in continuing 
the driving operations in an easterly and westerly direction, the | 
upstream post resting against the corewall. The tunnel had advanced 
to the inspection-shaft by the 4th December, 1929, and driving along 
the corewall was commenced a fortnight later. 
The clay and gravel wash of the approach-tunnel gave place to — 
rockfill adjacent to the corewall. 
On the east side, within 7 feet of the shaft at chainage 1,530, the - 
leakage into the shaft was found to be due to cracks in the corewall ; 
the 3-inch drain-pipe lying below the rockfill in the old French drain 
was uncovered and a small amount of drainage was found to be still 
passing through it. A similar condition obtained on the west side, 
the fill containing in each instance a good deal of slime and mud 
washed down from the overlying fill, which partly blocked the 
pipe. 
Shafts giving access to the drainage-system from the crest of the — 
dam at chainages 1,050 and 1,950 (Figs. 16, p.147) were commenced in | 
October, 1929, the timbering being semi-hexagonal in shape. Between — 
December, 1929, and February, 1930, drives at the bottom of these 
shafts were opened out to join up with those extending from the — 
junction at chainage 1,530. West of chainage 1,950 the drive was 
continued to chainage 2,196 where a mass of concrete was struck, and — 
after entering this for a distance of 4 feet, it was decided to end the 
tunnel there. This was 50 feet short of the designed length, but 
included practically the whole of the affected portion of the corewall. — 
To prepare for the placing of the 12-inch reinforced-concrete pipes | 
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tapping the rockfill over the eastern section of the corewall-drain, 
timbered galleries 3 feet by 2 feet were driven upwards at 45 degrees. 
Concrete for the floor of the tunnel was composed of Delatite river 


sand and crushed stone from Sugarloaf, in the proportions of 1 


cement, 24 sand, and 5 aggregate made up of 1 part of 32-inch, 2 of 
13-inch and 1 of 24-inch stone. 

The seal at the western extremity of the tunnel between chainages 
2,196 and 2,200 was first concreted, and the pouring of the floor 
commenced on the 11th April, 1930. 

Pipe-laying was commenced at the western end (chainage 2,196) 


on the 7th June and at chainage 1,057 ten days later. Four 4-foot 


lengths of 3-foot pipe were placed at a time ‘and the sides con- 
ereted ; the night shift would then backfill with the broken rock and 
spalls, packing the latter tightly against the timbers, The 12-inch 
pipes in the “risers” driven to the French drain were connected to 
the main drain by means of cast-in-place reinforced-concrete junction- 


pieces. 


After reaching the inspection-shaft at chainage 1,530, a short 
length of 3-foot pipe was laid in the approach-drive (from 250 feet 


= left) for the purpose of forming a bond between that section and the 


concrete of the junction chamber. The base of the inspection-shaft 
(Figs. 18, p. 152) was demolished to give access from the crest of the 


- dam to the corewall-drain and the approach-drive, and the pit-props 


"a 
a 


supporting the roof-timbers were replaced with steel joists. The 
shaft was not underpinned, it being cast monolithically with the 
corewall and therefore of sufficient strength to support its own weight 
and the vertical load due to the pressure of the fill against it. 
Before concreting the main access-shaft, the timber sets were 


covered with lagging, the space between this and the shaft laths 
being packed with rock. This method was employed in the case 
- of all timbered shafts which were to be lined with concrete, with the 


dual object of reducing the quantity of concrete and, in the case of 
shafts in rockfill, of allowing settlement past the lining. 

In concreting the shafts at chainages 1,050 and 1,950 cylindrical 
drop-bottom buckets of about 8 cubic feet capacity were employed. 
Placing the double-grid reinforcement in the confined space within 
the shaft-timbering proved a tedious operation. The bars were 
bent in the workshops to a schedule, but adjustments due to irregu- 
larities in the alignment of shaft and corewall often caused consider- 
able delay. 

Corewall-movement continued after a junction had been effected 


between the shafts and the main drain, but the provision of a slip 


joint between the shaft-lining and the corewall safeguarded the 


4 structure against fracture either throughout its depth or at its base. 
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In the work on the 2-foot-diameter outlet, the drives were 5 feet 
high with a 4-foot base and 2-foot roof and lightly timbered. Bed- 
rock was followed to within 100 feet of the outfall, where sand 
was encountered and close timbering resorted to. One of the 
construction-shafts, 180 feet from the outlet, was widened during 
July, 1930, to form the ejector-pit previously described. The last 
65 feet of the 2-foot drain was placed in a trench, and the work — 
completed in September, 1930. 


Conditions after Drainage. 


The main sources of leakage through the corewall, as disclosed 
during the installation of the system, were fractures in the concrete. 
immediately east of the inspection-shaft at chainage 1,530, and along 
the base of the corewall along the western section. A not incon- 
siderable contribution came up through the bedrock along the core- 
wall, and, in the approach-tunnel, the seepage from the gravel wash — 
formed an appreciable addition to the drainage. 

The total flow, as will be seen from Fig. 19, ranged from 24 to 48 
gallons per minute, and varied with the reservoir-level. Although 
this flow does not include the leakage through the cracks at the outlet- 
culvert, which never exceeded 20 gallons per minute, the whole 
quantity passing through the diaphragm of approximately 280,000 
square feet in area is surprisingly small. Without adequate drainage, 
however, the cumulative effect of such leakage, as shown during the 
investigations immediately following the subsidence, would soon 
se in a condition of saturation endangering the stability of the - 

ank, 

The improvement in the condition of the natural surface since the — 
drainage works is most marked, and observations from bores sunk 
since the completion of the work disclose a lowering of the ground- 
water level by about 5 feet. 

Periodical gaugings are taken at a notched weir fitted into the 
3-foot pipe at the access-shaft, and appear to indicate that the flow 
is subject to a seasonal variation from which no great departure 
has so far been noted. By means of chainages marked inside the 
pipe, any pronounced leak can be localized and kept under observa- 
tion. It was for such inspection that the diameter of the pipe was _ 
fixed at 3 feet, which is the minimum size in which this can con- 
veniently be carried out. 

The drainage of foundations of-this nature is a matter of some 
difficulty, but, with the combination of surface and bedrock drains — 
as executed, the problem has been successfully solved, the entire — 

system having functioned most successfully. 
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OriginaL Main OvrLet-WorkKS. 


Arrangement of Gates. 


The release of water from the reservoir through the outlet-culvert 
_was originally controlled by two tiers of four gate-valves, the upper 
at R.L. 754-75 and the lower at R.L. 706, as previously described 
_ (p. 121). Water admitted by the upper gates passed down to outlet- 
- tunnel level through the four 4-foot 6-inch down-pipes, to the upper 
ends of which air was admitted through a vent-shaft 4 feet 3 inches in 


x shown in Figs. 20 (p. 159). ve 


diameter extending up to R.L. 840. The original arrangement is — 


» oy sal 
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Behaviour of Old Outlet-Control. 

In the light of present-day knowledge of reservoir-outlets it is seen 
that no great efficiency could be expected from such an installation, 
even if the draw-off had been confined to the lower tier of valves. 
No provision had been made for admitting air immediately down- 
stream of the gates, and it is doubtful whether the vent-shaft (with 
the upper gates closed) was not actually detrimental to the hydraulic 
efficiency of the outlet, inasmuch as it acted as an inlet for air to be 
drawn into the conduit by a jet-pump action, resulting in surging 
of the water and consequent vibration. 

With the upper gates in operation and the lower closed, it was 
found that air accumulated in the dead end between the junction of 
the down-pipes and the lower valves, and the pressure increased.to 
such an extent that, at irregular intervals, water was ejected from 
the conduits with explosive violence, accompanied by heavy reverbe- 
rations which shook the tower, tended to dislodge the lower gates, — 
and endangered the system generally. This was due to water 
falling from R.L. 754 taking air with it from the vent-shaft, and thus 
acting as a form of hydraulic compressor. This occurred whenever 
the upper gates were opened more than 2 feet. 

Some relief was obtained by leaving the lower valves open a few 
inches and thus providing a possible means of escape for the entrained 
air, which would be carried downstream by the jet under the gates ; 
this, however, did not completely overcome the trouble, and the lower 
valves suffered some damage. From 2 to 3 feet below the gates the 
sides of the valve-casings and circular pipes were badly affected by — 
cavitation, the 1j-inch metal having been eroded through to the 
concrete. The lifters were unable to operate the lower gates except 
under low head, on account of the damage to the sliding faces, and one 
of the gates could not be completely closed. 

With the subsidence of the rockfill in April, 1929, and the conse- 
quent displacement of the outlet-tower, when its junction with the 
outlet-culvert was badly cracked (Figs. 20) the further use of this 
system, except in case of emergency, was considered undesirable. 
The power-outlet had been completed, and sufficient water for 
irrigation-requirements could be discharged through the turbines, — 
the sill of the intake being at R.L. 754:5. The old outlet-system 
could thus be practically dispensed with, being only called into 
operation when the reservoir-level fell below that necessary to pass 
sufficient water through the penstock. 


Recommendation of the Inquiry Board. 


Complete control of the system of outlets was impossible, on — 
account of the faults described above, and the following general — 
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recommendations were made by the Inquiry Board for its improve- 
ment (see Figs. 21, Plate 2) :— 


(a) The cracks in the main outlet-tower should be repaired and 
the structure stiffened by means of a mass-concrete 
plug; the upper gates should be abandoned and air-vents 
provided behind the lower ones. 

(b) An extension should be made from the 4-foot 6-inch diameter 
cast-iron outlet-pipes from the tower through the outlet- 
tunnel, ' 

(c) Needle valves or other suitable valves should be placed on 
the ends of these extension-pipes at the downstream side 
of the bank. 

(d) Control-valves should be placed in the pipe-lines to supple- 
ment the needle valves, . 


Figs. 20. 


Note :— 
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The upper valve conduits, down-pipes, chamber and vent-shaft - 
should be sealed, and, on the upstream side, where the stabilizing 
concrete would be poured, 4-foot wells, one for each of the lower 
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valves, could be provided for the dual purpose of carrying the valve- 
stems and of giving access to the gate-valves for repair or replacement 
if necessary. ; 

The means of supporting the additional mass was left to the 
Engineers of the Commission to determine, as was the design of the 
new outlets embodying the principles set forth in (5), (c) and (d) of | 
the Board’s recommendations. 


Re-DesigN oF Marin OvutTLET-WoRKs. 


Principles of Control of Discharge. 


Considerable improvement has been effected in recent years in the 
design of high-pressure reservoir-outlets, arising out of investigations 
by the British firms, Messrs. Glenfield & Kennedy and Messrs. Blake- 
borough & Sons, Ltd., as well as by the Bureau of Reclamation of the 
United States of America. Regulating devices for high dams 
have attained their highest development in recently-constructed 
examples in America. The original installation at Kildon was 
readily adapted to remodelling and reconstruction, and, except in 
minor details, particularly at the upstream end, a completely- 
modernized system has been installed. 

In practically all dams projected at the same time as Eildon (about 
1912), outlets were designed with upstream control ; but with increase 
in heads the trend of development has been towards downstream 
regulation in an endeavour to eliminate the detrimental effects of the 
former method, due to the dissipation generally of energy within the ~ 
conduits. While it is not proposed to go fully into the principles of 
high-pressure outlets, certain aspects of the question, as applicable 
to the reconstruction of the Eildon control-works, will be dealt with. 

The gate valves, as originally constructed, were called upon to 
operate under heads of up to 70 feet ; this has since been found to 
approach the limit for leaf gates under improved modern conditions, 
but the possibility of their successful operation under such heads 
appears to have been remote from the outset. The arrangement of 
the outlets in two tiers, with the object of keeping the pressures 
down to workable limits, resulted in a combination of circumstances 
which rendered them practically inoperative. The detrimental. 
effect of the formation of a vacuum was also experienced in the 
outlets of the Pathfinder dam in America,? where, as at Hildon, no 


1 J. M. Gaylord and J. L. Savage, “ High-Pressure Reservoir Outlets.” 
Washington, 1923. Elwood Mead, ‘‘ Dams and Control Works ” 3 pp. 92-103 © 
(C. M. Day, “ High-Pressure Reservoir Outlets ”). Washington, 1929. : a 

2 Elwood Mead, ‘“‘ Dams and Control Works,” p. 93 (C. M. Day, “ High- — 
Pressure Reservoir Outlets’). Washington, 1929. 9h 
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provision was made for air-vents immediately below the gates. 
In this case an 8-inch air-vent branching into two 6-inch connexions 
is now used to supply air below a gate valve 5 feet square. 

From a study of their performance generally, it became apparent — 
that the Hildon gate valves should be used simply as sluices in the 
fully-open position or as emergency gates for the dewatering of the 
conduits or the protection of the valves downstream. As the size 
of the vent-pipe which could be introduced below the gate-valves 
was limited to approximately 6 inches diameter by the clearance 
between two steel joists embedded in the concrete supporting the 
lower valve-stem guide-block, it was doubtful whether an adequate 
supply of air could be admitted. However, during discharge under 
a 70-foot head since completion, a considerable improvement has 
been noted. The question of bell-mouthing the inlet to the conduits 
to effect a further improvement in the flow conditions was considered 


impracticable under the circumstances. 


It was considered necessary to instal guard-valves in the new pipe- 
lines near the upstream end, immediately below the breeches-pieces, 
and butterfly valves were adopted, principally on account of their 
compactness. 

Downstream control was to be effected at the outlets of the pipes 
by Larner-Johnston Type N. 78-68-inch needle valves, with hand- 
operated pilot-jet control. 


Particulars of Remodelled Outlets. 


The outlets are capable of discharging approximately 1,600 cusecs 
through each needle valve under a net head of 50 feet, this net head 
being the sum of the pressure and kinetic heads at the valve. The 
maximum head for which the valves were designed was 185 feet of 
water. 

The 6-foot-6-inch outlet-pipes are of 4-inch mild steel plate manu- 
factured in 18-foot lengths made up of three plates with electrically- 
welded longitudinal lap joints. The circumferential joints are 
double-riveted butt-straps, and the pipes are supported on concrete 
saddles. ach pair of the 4-foot 6-inch conduits from the gate-well 
to the corewall (Figs. 21, Plate 2) is connected to the corresponding 
6-foot 6-inch pipe by means of taper breeches-pieces 20 feet in length, 
special fitting-pieces fabricated by welding being required for 
adjustments of length and direction. 

It was originally intended to embed only that portion of the 
breeches-pieces upstream of the fork, but later events proved the 


desirability of completely embedding the whole of the 14-foot 


tapered length in addition to the 6-foot fitting-pieces. 
The butterfly valves in the outlet-pipes are spaced 18 feet apart 
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longitudinally to allow of placing the servo-motors in tandem 
between the pipes. 3 

The needle valves are embedded in a breast-wall 5 feet 64 inches — 
thick closing the culvert and supporting the manual pilot-valve 
operating gear, and a rectangular well gives access to the culvert. — 
The embedment of the valves was later extended 8 feet 6 inches 
upstream of the needle-valve casing to damp the excessive vibration 
experienced during the initial operations. From the breast wall a 
reinforced-concrete apron extends 15 feet 24 inches downstream, 
and supports three 18-inch piers slotted at their downstream ends 
to take a double row of 6-inch drop logs for use as cofferdams 
in dewatering the pressure-pipes. The whole structure stands on 
bedrock at about R.L. 703, and is designed to withstand the highest 
flood. No provision was made for the attachment of jet-dispersers, 
as it was considered that the river bedrock would resist scour (see 
p. 167). | The new outlets are shown in Figs. 21, Plate 2. 


RECONSTRUCTION oF Main OvTLET-Works. 
Preliminary Work. 


As a preliminary step in the dewatering of the main outlet-tunnel, 
the obstruction preventing the closing of one of the gates was removed 
by a diver in May, 1930. 

In anticipation of the work in the tower, the sealing of the vent- 
_ shaft and down-pipes was commenced, as was the repairing of the _ 

cracks in the tower walls, which were all accessible at this time, as 
x the reservoir-level had been lowered for inspection. To retain the 
concrete in the down-pipes during pouring a special form was fixed 
at the bottom of each pipe by the diver. By completely sealing 
these pipes the conduits would be without ventilation of any kind, 
and such advantage as was, at the time, thought to have been 
derived from the vent-shaft was preserved by the embedment of an — 
8-inch galvanized-iron pipe, carried up to R.L. 840, along the axis 
of each down-pipe. The upper gates were lifted clear of the openings 
and the intakes sealed; the chamber at that level was then filled 
and the concrete carried up the vent-shaft to R.L. 825. Close con- 
tact between the Concrete seal and the interior of the chamber was _ 
ensured by grouting. It was thus considered that the horizontal 
cracks in the lower portion of each of the down-pipes (at R.L. 724) 
which had occurred as a result of the deflexion of the tower, were 
completely sealed. During subsequent work in the outlets, however, — 
when the reservoir rose to chamber-level, water found its way into 


the vent-pipes in some manner and caused no little inconvenience _ 


if 
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throughout the whole work. The concreting was completed in 
August, 1930. Cross bolts were left in the 8-inch pipes to hold the 
grouted plug. 

Early in July, 1930, while the river was still low, the four pedestals 
at R.L. 722-5 were drilled and 6-inch galvanized wrought-iron vent- 
pipes grouted in for a depth of 1 foot 6 inches and carried up to 
R.L. 837. These were the largest pipes that could be introduced, 
and were of sufficient size to permit of 53-inch vents being subse- 
quently core-drilled through the pedestals and the cast-iron valve- 
casings into the conduits 1 foot 9 inches below the gates. 


Dewatering the Outlet-Culvert. 


To effect a temporary closure of the mouth of the outlet-culvert, a 
cofferdam of some sort was necessary. In view of the irregularity 
of the bedrock and the necessity of complete reliability, a single- 
wall timber cofferdam connecting the wing-walls, and standing on a 
concrete base constructed on bedrock, was adopted. The concrete 
base could later be incorporated in the apron below the needle 
valves and further protection of the river-bed obtained at com- 
paratively little extra cost. The dam was successfully completed 
and dewatered on the 27th May, 1931. 


Demolition of Old Conduits. 


With the dewatering of the main outlet-tunnel and the installation 
of electric lighting and air equipment, the demolition of the old 
reinforced-concrete ovoid conduits in the tunnel commenced. From 
three to five rock-breakers were used, and the work was completed 
in December, 1931, a total of 637 cubic yards having been removed, 
and the downstream ends of the cast-iron sections exposed. The 
average output per man per day was 1:00 cubic yard, at a cost of 
£2. 16s. Od. per cubic yard including all overhead. 

The removal of the metal transition-castings, which commenced 
6 weeks later, demanded the greatest care, as they were attached to 
the downstream flanges of the original 4-foot 6-inch outlets, which 
had to be preserved intact as they were the only means of con- 


necting the new work to the old. Circumferential breaks were there- 


fore made at the upstream ends of the transition-castings about 
6 inches from the joints, to eliminate all danger of running cracks 
extending to them. To this end a ring of holes was drilled around 
each pipe, chases cut with pneumatic caulking tools between the 


holes, and the breaks effected by heating with an oxy-acetylene flame 


and quenching with water. The cast iron and surrounding concrete 


were then broken away. The remaining 6-inch length of the taper 
section was then unbolted, to effect which the tunnel-plug was 
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undercut. Altogether about 43 cubic yards of concrete and 20 tons 
of cast iron were removed in demolishing the embedded conduits, — 
the cost per unit of concrete and casting combined being £13 per cubic — 
yard or about £12 per linear foot. The removal was completed 
early in March, 1932. 


Pipe-Foundation. 


The excavations for needle valves and pipe-saddles were sunk 
: through the culvert-floor to bedrock and about 100 feet length of the 
: floor near the upstream end removed, where contact with rock was 
found to be faulty. The water-pressure in the foundations was 
measured, the maximum uplift pressure recorded being equivalent 
to a head of 7:8 feet above bedrock. Relief drains were left in this 
portion of the floor when concreting was completed. 


. Construction of Pipe-Line. 


a Lifting tackle had been erected at the mouth of the culvert for a 

: live load of up to 10 tons, the heaviest parts to be handled being the 

7 breeches-pieces, which weighed 83 tons. The steel pipe-lengths each 
weighed about 34 tons. 

In April, 1932, the breeches-pieces were placed accurately in 
position, having been moved to the site on 6-foot-gauge steel bogies 
running on 60-Ib. rails. The dimensions of the fitting pieces were 

_ then determined so that the joint could be tightened without inducing 
strain in the old cast-iron pipe-flange. Drainage-holes 6 inches in 
diameter had been cut in their undersides to pass the leakage from — 
the gate valves. (The discs cut from these holes were electrically — 
welded back into position on completing the needle valves.) As a 
safeguard against damage during discharge, a heavily-reinforced 
concrete slab, strongly dowelled to the culvert-plug, was cast round 
the junction of the cast-iron pipes and fitting pieces. 

Each 18-foot length of the 6-foot 6-inch diameter pipes was lowered 
on to two 2-foot gauge steel bogies fitted with a bolster carrying a 
roller at each end, on which the pipe was rotated to the correct 
position before being moved into the tunnel. Riveting of all the — 
standard pipe lengths was completed on the 10th October, 1932, 
and measurements made for the closing lengths, which were received 
a month later. 

The needle valves were assembled early in April, 1933, and the 
concrete work for the embedment was commenced immediately the — 
final adjustments were made. Both valves, after their initial — 
discharge, were quite water-tight. : 


REMEDIAL MEASURES AT EILDON RESERVOIR, AUSTRALIA. 165 
Emergency Discharge. 


At this time the Goulburn valley irrigation-period had officially 
_ended, and the country was experiencing a dry period. It became 
apparent that, failing rain within 3 weeks, it would be necessary 
to discharge water from the Hildon reservoir to supply an extra 
watering. The reservoir-level was at R.L. 762 (on the 26th April), 
and a discharge of about 600 cusecs was passing through the power- 
outlet. By the 10th May the level had fallen to R.L. 761, 6-5 feet 
above the sill of that outlet, and the discharge to 200 cusecs. It was 
considered desirable to arrange for discharge through the main 
outlet by about the 14th May. 
The needle valves had not at this time been encased in concrete, 
\ and the construction necessary before further draw-off could be 
effected comprised the following operations :—rock excavation for 
ayron-foundations, reinforcing and concreting piers and apron, 
__plaving a concrete apron between the cofferdam base and the down- 
x streaht end of the pier apron, embedding the valves for the first lift, 
flooding the dam, and removing the diaphragm from in front of the 
valves. By the 29th April, the needle-valve embedment was com- 
_ pleted to R.L. 715, and two shifts were worked to complete the work 
~ mentioned above. A diver was sent into the main outlet-tower to 
clear the gate valves of staunching material, the needle-valve 
_ plungers bolted back in the open position, and precautions taken to 
avoid the pressure building up inside the valves during discharge. 
By the 11th May all was ready for the passage of water through the 
conduits. The pipes and valves had been securely anchored in their 
saddles, and the breeches pieces were resting on concrete blocks, © 
which would be incorporated in the permanent anchorage and 
_ wedged in place against the culvert-wall. The impending discharge 
would be with upstream control, the water passing into a long conduit, 
and precautions were therefore taken to enable the valves to be 
closed without delay if necessary. 
On opening the gates the water passed through the conduits with 
steady silent flow for about 30 seconds; a series of violent detona- 
tions then commenced, and increased in intensity until the gates had 
been lifted to the half-open position. The indraught of air into the 
stream was then stopped by closing the 8-inch “ vents ” in the 
tower, which had been fitted with valves for the purpose of con- 
trolling the air-supply. This had the effect of quietening the 
detonations somewhat in the pipe, and of silencing them in the out- 
let-tower. Steady flow -was experienced at the outlet end, but 
detonations and severe vibration continued at the breeches-pieces ; - 
air apparently continued to find its way into the pipe. This increased 


es 


4 


in holes drilled through the existing saddles and into the culvert 
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to such intensity during further opening in an attempt to build up 
pressure in the pipe, that the gates were immediately closed. 
It was decided to anchor the breeches-pieces to the arch of the : 
culvert before continuing the tests, for which purpose a framework of — 
12-inch by 10-inch posts and beams was built up over them and 
wedged to the walls and roof of the culvert; the tests were then 
repeated ; the detonation, surgings, and pronounced breathing of the — 
pipe and needle-valve castings, however, continued. The tests, 
which were completed on 15th May, showed that steady discharge 
was impossible under the circumstances, and to continue would have 
resulted in severe damage to the installation. This bears out the 
experience at the Pathfinder dam previously referred to.1 
No further discharge through the pipe was considered advisable 
until both the breeches-pieces and the needle valves were embedded 
in concrete suitably reinforced, and until downstream control of the 
discharge was possible with the completed needle valves. As it 
transpired, the situation in the Goulburn valley was opportunely 
relieved by the long-overdue rainfall, and the work on the outlets — 
continued on the above lines until the 15th June, when the needle- 
valve assembly was complete and the control-structure ready for 
operation. The breeches-pieces had already been embedded in 
mass concrete reinforced by a 12-inch mesh of }-inch steel passing 
over each separately, but the needle-valve casings were still under 
observation, their embedment being subsequently completed in 
May, 1934. 


Preliminary Discharge with Downstream Control. 

With downstream control now available, the pressure was built up 
in the conduits and, at the end of J une, 1933, a trial run was carried — 
out under the new conditions; no provision, however, had been 
made at this stage for admitting air immediately downstream of the 
gate valves, 

Considerable improvement within the pipes was noticed, but the — 
severe detonations continued, and the breathing of the plates and 
needle-valve casing still occurred, for, although the entrances to the — 
8-inch “ vent pipes ” had been closed, air was being admitted through 
undiscovered fissures within the main outlet-tower. 4 

Two out of every three saddles on the curved section were there- — 
fore carried completely around the pipes, the added upper portions — 
being reinforced with four 1-inch diameter rods grouted into bedrock 


walls, 


Ft cr ee es eet 
1 See footnote 2, p. 160. 
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The discharge-regulators functioned well, minor adjustments only 
of the plunger control-valve being necessary to attain the balance. 


Bed-Hrosion. 


From this time a series of discharges was carried out, and on each 
occasion masses of bedrock were dislodged, until a stilling pool was 
gouged from the river-bed. After the first 14 months, however, 
little further erosion took place. 


QrrRENGTHENING Marin OvTLET-TowERr. 


Design Considerations. 
The condition of this structure after the subsidence, and the 


_ initial step in its restoration as carried out during 1930-1931, have 


already been referred to (pp. 158 and 159). Before the new outlet- 
installation could be put into operation, the complete stabilization 
of the control-tower was essential. The principal steps in this work 
were to fill the tower with mass concrete up to R.L. 789 in order to 
strengthen it and increase its resistance to further overturning, sup- 


- porting the concrete in such a manner as to leave unobstructed the 


_ sluiceways to the gate valves; to provide access through the mass 


to the valves by means of inspection-wells in which were supported 
the valve-stems; and to complete the drilling of the vent-pipes. 
The tower as completed is shown in Figs. 21, Plate 2. 

As it was necessary to maintain the storage at a level above 
R.L. 800 for irrigation requirements, practically the whole of the 


_ work in the outlet-tower had to be done by divers. 


The gate valves themselves were interchangeable, and as those 


| in the lower tier had been damaged, they were replaced by the upper 


ones, after the gate-guides had been overhauled. 

The concrete filling is supported by four piers placed eccentrically 
in the tower to conform to the disposition of the lower gate valves, 
three being constructed between the guide frames and the fourth (or 
“ corner ”) pier against the eastern wall of the tower. 

The design provided for welded mild-steel box forms in the shape 
of proposed piers with angle-iron frames and stiffeners, built up in 
three sections vertically between R.L. 705 and R.L. 719. (See Fig. 21, 
Plate 2.) The piers were 3 feet thick overall, and the forms arranged 


~ go as to permit of a diver working inside to assemble the parts and 


place the concrete. ) 
The space between the piers and the base of the tower was closed 

by stiffened floor-plates, and a steel bulkhead. i 
The pipe wells were to be 48 inches in diameter. It was first pro- 


posed to use steel pipes in their construction, but the price quoted, 


ee 


a 
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£50 per ton, was considered excessive and only the lowest 6-foot — 
6-inch sections were ordered in steel. Precast reinforced-concrete 
pipes were. specified for the upper sections. Despite the saving in 
first cost by the use of the reinforced-concrete pipes, the extra cost 
of handling, fitting and placing under water more than offset the 
higher cost of the steel pipes, which could be lowered directly into 
the tower with little preliminary work. At a later stage in the — 
strengthening operations a bid of £32 per ton was received for steel 
pipes. The advantage of using these had, by that time, been amply 
demonstrated, and for the last 24 feet of the concrete filling this class 
of pipe was adopted. 
The steel pipe weighed 137 lb. per foot, compared with 467 lb. 
for the concrete pipes, so that 12-foot lengths of the former could be 
handled as conveniently as 6-foot-6-inch lengths of the latter, and the 
amount of diving work for a given length of pipe was greatly reduced. 
The original plan of operations provided for the removal of the 
east—west channels (Figs. 20, p. 159), and the retention of the north- 
south joists until sufficient concrete had been poured to relieve them 
of any load due to the rockfill. The R.L. 734 series were to be 
removed first, after the concrete had been poured to R.L. 730, and 
then those at R.L. 747 and 760 to permit of concreting to R.L. 765. 
After having reached this stage it was proposed to seal the wells 
with cast-iron covers, used some years previously on the original 
outlets, and then to dewater the tower above R.L. 765. In October, 
1935, an investigation into the strength of the tower revealed that as 
a result of the cracking and deformation of the shell it would not 
successfully withstand the combined water and rockfill pressures, and 
the proposal was abandoned ; it was then decided to carry the con-— 
crete up (using steel pipe wells) to R.L. 789, and to lower the reservoir 
to R.L. 799 to permit of fixing the lower channel and guide-blocks 
(Figs. 21, Plate 2) in the dry, aiming to reach this level during © 
February, 1936. 


Plant Employed. 


The concrete was mixed in two T-cubic-foot mixers, and placed 
under water either from bags or bottom-dump 8-cubic-foot buckets. — 
In each case it was stipulated that the container should be made to © 
rest on the bottom before the concrete was released, and the raising 
of the open bucket (or bag) through the first few feet done slowly to 
prevent disturbance of the mass. 

The same pneumatic drilling plant as used elsewhere on the works — 

_was employed under water ; both Holman and Ingersoll rotary drills, 
and rock-breakers or pneumatic picks manufactured by Holman and , 


a 


oe weare<+arTy o- 
— —_ oT 4 : < 
- i.e : 
t 


REMEDIAL MEASURES AT EILDON RESERVOIR, AUSTRALIA. 169 


by Hardy gave satisfactory service. These machines exhausted into 
water down to depths of 110 feet. ; 

The diving equipment was mostly of Siebe, Gorman and Com- 
pany’s manufacture, with the exception of the actual dresses which 
were made by Heinke and Company. Manual pumps capable of 
supplying air to depths of 20 fathoms were used in the earlier stages 
of the work; the recognized decompression-periods were strictly 
adhered to throughout, and at times, while working at depths greater 
than 80 feet during continuous three-shift work (such as concreting) 
three divers would be submerged simultaneously, one working and 
two undergoing decompression. 

_ The wages cost for the large number of men required at the 
pumps was excessive, and as a considerable saving could be effected 
by the installation of a reliable mechanical method of supplying air 
to the divers, the question of working from the compressed air service 
was considered. A trial air-control panel was assembled by Wilson 
Reid Pty. Ltd., a firm of industrial instrument makers of Melbourne. 
Air was led to the panel through a filter from a small receiver sepa- 
rated by a reducing valve from the larger receiver which also pro- 
vided air for general use inside the tower. At the panel, two branch 
pipes led off through special control-valves to the divers’ air-hoses. 
Each control-valve consisted of a 3-inch globe valve modified by 
fitting it with a needle, or conical plunger, entering a rustless steel 
ring which rested in the original seating. The new full opening was 
2 inch in diameter, and, with the needle entered, gave a greatly 
reduced passageway. The pitch of the operating-spindle screw was 
reduced to 26 threads per inch and the rate of opening thus slowed 
down so as to necessitate a decided movement of the hand-wheel to 
pass sufficient air to the divers. A graduated disk and pointer were 


fitted to indicate the exact opening of the valve. HEmergency 


manual pumps were connected through stop-valves to each diver’s 
air-line. The attendants soon became expert in the use. of the panel, 
and the divers evinced no desire to return to the manual pumps. 


Oxy-Hydrogen Cutting Apparatus. 

Underwater cutting was done, at all depths, by oxy-hydrogen 
apparatus. 
Little was known by the industrial gas and torch manufacturers 
in Victoria of the art of cutting metals in deep water when this 
work was undertaken, although successful isolated cuts had been 
accomplished on harbour work in depths up to 30 feet or so. In 
removing the channel-irons from the main outlet-tower, an attempt. 
was made to adapt the ordinary oxy-acetylene torch with a special 


tip to use in shallow water, but with indifferent success. Whilst 
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it was possible to use acetylene gas for preheating at first on the 
shallow cuts, it could not be employed at greater depths because 
of the danger of using the highly-compressed gas in the free or dis- 
solved state. Hydrogen was therefore substituted for acetylene and 
a special cutting-torch constructed which resembled the ordinary 
cutter, but which had a separate cutting-oxygen supply-line and a — 
double cock for shutting off each gas without altering the pre-heating 
mixture as set by the torch needle-valves, ; 

The question of lighting the cutting torch under water at the greater 
depths was important, for repeated delays would be very costly; — 
a small separate pilot torch was therefore devised to light the cutter. 
The blowpipe would not light from the pilot torch unless the correct 
mixture of oxygen and hydrogen were flowing to the cutting tip, 
and it was necessary to set this mixture by the blowpipe (or cutting- 
torch) needle valves at the surface before lowering the cutter to the 
diver, To overcome the necessity of having to rely on a man at the 
surface gear to produce the proper mixture, a mechanical means of 
doing so was devised. By experiment it was found that the ratio 
of hydrogen to oxygen in the pre-heating flame required for all 
depths from 13 feet to 90 feet remained constant at 3-4 of hydrogen 
to 1 of oxygen, and that the pressures varied equally in respect to 
each other, increasing in direct proportion to the depth. 

The “ Arnold” oxy-hydrogen cutting torch was then produced 
by the Australian Oxygen & Industrial Gases Pty. Ltd. of Melbourne, 
the needle-valves being replaced by set gas-jets supplying the correct . 
proportion of each gas, and was tested by lighting-up and cutting 
at all depths down to the maximum available, 115 feet. This-torch — 
(Figs. 22, Plate 2) has proved thoroughly efficient, and no trouble 
was experienced in lighting up and cutting at any depth within the 
range available. 


The pressures required for working at various depths were as 
follows :— 


3 Pilot oxygen and | Heating oxygen and Cutti: 
Depth : feet. hivdeeoen laninobe ng 


drog gen, oxygen, 
20 120 15 3 
30 ee 84. sic 
40 120 92 120 
50 ca 106 saa 
ek 120 115 135 
7 — 124 aS 
80 120 130 145 
100 120 +3 a” 
115 as vr uh 
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In actual operation, after fixing the cylinder-pressures and testing 
the flame, the blowpipe was turned off at the duplex cock and 
lowered to the diver, who would then relight it with his pilot torch. 

The remainder of the work, done with this torch, was practically 
free from delay despite the awkwardness of some of the cuts. 

The oxygen and hydrogen were compressed to 1,800 lb. per square 
inch, and it was possible to use 160 out of the 200 cubic feet content 
of each cylinder. The consumption of gas on some of the cuts is’ 
shown in Table XI. 


Tape XI.—Consumprion or OxyGEN AND HypRoGEN WITH IMPROVED 


BLOWPIPE. 
Consumption : cubic feet. 
: Area of © | ——_—_—_— 
Details of cut. metal cut : Pilot. Heating. | Cutting. Remarks. 
square ew 
inches. 0 H o|a#8 0 


12-inch by 6-inch by | 16-04 6 | 7 | 19 | 92 58 
54-lb. I-beam: aver- — 


age of eight cuts at 0-4 | 0-5 | 1:2 | 5:7 3°6 Per square inch 


36 feet, four at 49 of metal cut. 
feet. Average time, 
9 minutes. 


41-inch by 1-inch 4-5 3 


mild steel flat: aver- —— 
age of two cuts at 0-7 | 0-9 | 0-9 | 2:5 1:3 Per square inch 
60 feet, two at 80 of metal cut, 
feet. Average time, 
1} minute. 


(Nore: The steel had in each case been embedded in concrete, which was 
cleaned off as well as possible.) 


Sixty cuts were involved in removing the beams and channels from 


the outlet-tower. The cost per cut using the original torch, and with 
manual air-pump for the diver, was £6 6s. 3d.; using the improved 
~ torch, and with compressed-air supply for the diver, it was £3 11s. 9d. ; 


and ina test cut by hacksaw, with manual air-pump, it was £11 6s. 4d. 


‘These costs include all labour at the tower during the operation, 
_ viz. diver, attendants, pumpmen during the use of manual pumps, 


ganger, riggers and engine-drivers. The materials comprise gas and 


tools used in hand-cutting. 
Practically the whole of the cutting was done in muddy water 


where the submarine lights were of no use, and where only a glow 


from the cutting flame served to illuminate the work. 


Preliminary Work in Outlet-Tower. 
In December, 1934, dismantling of the control apparatus in the — 


- tower was commenced. The hydraulic gate-lifters were disconnected 


pe 


and was temporarily suspended at R.L. 721 to place 60-Ib. steel 
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and removed, and parts of the timber deck and steel floor-beams wer 
taken up to leave a hatchway sufficiently large to admit the largest 
pier-form. - 
The 4-inch diameter gate-stems and guide-blocks were next © 
removed. Divers using pneumatic picks cut away the concrete 
encasing the channels and beams, and the steel-work was cut out by 
means of the oxy-hydrogen underwater cutting torch referred to — 
above. The removal of the upper gates completed the preliminary 
work, the lower ones being left to close the outlet-pipes during ~ 
painting ; they were eventually permanently replaced by the upper 
gates. 


Pier-Forms and Wall Assembly. 


The steel pier-forms and bulkheads were next placed in position 
under water; to prevent movement during concreting the whole 
assembly was firmly bolted together and anchored to the tower 
floor and walls. 


Concreting of the pier-forms was commenced on the 4th July, 1935, 


rails in the mass for stiffening the overhang over the western (No. 4) 
gate valve. With the pressure of the rockfill on the tower walls now 
taken by the mass concrete, the 12-inch by 6-inch I-beams lying in — 
a north-south direction at R.Ls. 734, 747 and 760 were cut out to 
make room for the reinforced concrete pipes, and these were raised 
to R.L. 765 in 6-foot 6-inch lengths, being secured in position in 
such a manner as to preclude any possibility of moving during — 
concreting. During this operation preparatory work for succeeding — 
operations was being done by two additional divers. 

It was found practicable to set the pipes in position to within the — 
nearest { inch, and with the final placing of the gate-stems this degree 
of accuracy was proved to have been attained. 

Concreting between R.Ls. 730 and 765 was carried out between 
the 24th and 30th October, 1935, in a continuous run, the surface at 
R.L. 730 having been cleaned off preparatory to pouring, and the 


concrete placed from bags in the confined spaces between the pipes 
and the south face wall. 


Work Above R.L. 765. 


An investigation was now made into the proposal to dewater the 
tower for the purpose of continuing the work under dry conditions. 
As a result, however, of an extension above R.L. 765 of the central 7 
crack in the north wall as reported by the leading diver, and of the — 
general distortion of the tower due to its displacement, it was 


REMEDIAL MEASURES AT EILDON RESERVOIR, AUSTRALIA. 173 


determined that the shell in its weakened condition would not with- 
stand the external water-pressure; the proposal was therefore 
abandoned and, at the beginning of October, the raising of the con- 
crete a further stage to R.L. 789 was decided upon. For extending 
the wells 48-inch steel pipes in 12-foot lengths were adopted and, 
pending the arrival of the materials on the works, the gate valves 
were overhauled, and plant and tackle re-arranged for concreting. 


Drilling Vent-Pipes. 

A steam-driven core-drilling plant using chilled shot was installed 
in the tower at R.L. 840, and the 53-inch vent-pipes 1 foot 9 inches 
behind the gate valves, below R.L. 721, were drilled through 9 feet 
4 inches of concrete and 14 inch of cast iron. To prevent.the shot 
being lost while cutting through the sloping cast iron of the tapered 
entrance-piece, a hardwood block, shaped to the pipe, was jacked up 
against the casting ; as the bit partially cleared the cast iron the shot 


- was held in the cut in the hardwood until the metal was com- 


pletely cored through. 


Extending the 48-inch Wells. 


The four remaining north-south I-beams at R.Ls. 773 and 786 
were cut out with the oxy-hydrogen torch and removed to allow of 
placing the pipes. Steel pipes 12 feet in length with welded seams 
and flanges were received on the works early in November, and 
assembly was proceeded with concurrently with the core-drilling of 
the remaining vents. 


Final Stage of Concreting, from R.L. 765 to R.L. 789. 


The core-drilling plant was dismantled on the 5th December ; 
the concreting was commenced on the 8th December, and carried to 
final level a week later. A total of 900 cubic yards of concrete was 
placed under water between the tower-floor level and R.L. 789. 
The mix used for this concrete was 1: 1-7 : 3-4 (water/cement ratio 
0:7 to 0-9), the coarse aggregate being screened and remixed for 
maximum density. Special attention was devoted to the careful 
placing of the batches by the divers and to the avoidance of churning 


- of the surface. Segregation of stone was avoided by bringing up the 


level of the concrete evenly, to effect which divers before each shift 
were instructed in the approximate volumes of concrete to place 
within certain limits. Concreting proceeded continuously between 
the unavoidable breaks at R.Ls. 725, 730 and 765, at which levels 


the surface was carefully cleaned of silt before commencing the next — 


pour. The amount of laitance formed was practically negligible. 
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Placing Stems and Guide-Blocks. ‘ 7” 


The strengthening operation was thus complete, and the next stey 
was the placing of valve-stem guide-blocks inside the gate-wells. 
These were secured by stainless steel bolts previously set in the tower 
concrete. a 

The water-level of the reservoir was lowered to R.L. 793 by the 
end of February, 1936, to enable the channels and guide-blocks at 
R.Ls. 812 and 799 to be placed in the dry. As the water subsided 
the gate-valve stems were lowered into position. By the end of 
February, 1936, the lifters and pump-connexions were replaced, 
and the channels and beams encased in concrete. With the embed- 
ding of the vent-pipes to R.L. 831 during March, the tower controls 
were ready for operation. nae 


f: 


Grouting. 


Mention has already “been made of the leakage of air into the — 
6-foot 6-inch diameter pipes through the old mass concrete down- | 
stream of the dividing wall in the tower during discharge, and through | 
the sealing concrete in the down-pipes and old vent-shaft into the 
8-inch-diameter vents (p. 166). On completion of the strengthening ~ 
of the tower, the outlet-pipes were dewatered and the vent-pipes — 
grouted from inside the conduits. The grout, forced up from below, | 
reached levels between R.Ls. 771 and 790, and the vents were then — 

filled from the top to R.Ls. 825—827 at a pressure of 60 Ib. per — 
square inch. There is now no possibility of air being admitted to’ 
the discharge-conduits through any but the 6-inch vents placed — 
immediately downstream of the gate-valves. A 


Discharge through the Remodeled Ouilets. 


q No opportunity has yet occurred to test the new outlets under all _ 
heads. During discharge through the eastern pipe in June, 1936, _ 
with the reservoir-level at R.L. 778-25, 70 feet above the gate-valves, — 
Steady conditions of flow existed in the pipe from the breeches-piece _ 
to the curved length, where some vibration of a minor character — 

; occurred, being more noticeable between the hooped anchorages — 
‘immediately over the saddles, at which points the top plates showed — 
‘signs of slight movement. There was no indraught of air down — 
the new vent-pipes in the outlet-tower. With the needle valv: 
5 0-35 opening the jet was clear, showing no indication of explos: 
of entrapped air, and the new installation, as far as can be ga 

_ from the tests to date, functions in a most satisfactory manner. 
yiiggiales 
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PoweEr-OUTLET. 


During the original construction of the Eildon spillway an opening 
19 feet by 16 feet was provided, its sill being at R.L. 756, and in 
1925 this was adopted in the design of the hydro-electric plant as 
the inlet to the pressure-pipe (Figs. 23, Plate 2). 

For the first 12 months after the subsidence the tipping of the 
rockfill on the upstream side of the dam had been proceeding mostly 
eastward of the line of the main outlet-culvert. During the low- 
reservoir periods in May-July 1930, concurrently with the work 


- about to be described, the entrance to this outlet had been pro- 


tected from being blocked by the rock tipped from the R.L. 824 
berm, by building a rubble masonry wall over the coping. Tipping 
had thereupon been carried westward as far as possible, but, adjacent 
to the spillway, the old rockfill had already extended partly across 


_ the sill of the power-outlet so that further tipping became impractic- 


able. It was, however, desired that an extra mass of bank material, 


to support the undisturbed clay at this end of the dam, should be 
placed with as little delay as possible. A protective structure or 
« blister tunnel ” over the opening had therefore to be built. Another 
reason for its provision lay in the necessity for increasing the area 
of the trash-rack protecting the power-house penstocks. With the 
entrance of the intake moved westward to a point well clear of the 
fill, ample space would then be available to erect a structural-steel 
grid of substantial size. 
With the view to inspecting the dam foundations and executing 
urgent work at lower levels, the reservoir was emptied after the 
irrigation-season in April, 1930. Storage would have to be recom- 
menced, at the latest, in August, so that 3 months was the maximum 


"period that could be anticipated in which to complete the protective 
structure. The highest level to which the storage could reach with- 


out interfering with the work was R.L. 750. The preparatory 
work commenced. on the 4th May, when the water-level was 
R.L. 753. 

With the limited working period, it was imperative that at least 
a 40-foot length of the blister tunnel should be completed before 
the rise in the reservoir. This would enable the rockfill to be extended 
and the adjacent portion of the bank strengthened, to some extent, 
in the event of the whole structure not being completed. 


Blister Tunnel. 


The blister tunnel, 74 feet in length, is designed, in section, as a _ 
rigid rectangular concrete arch, heavily reinforced, and dovetailed 


into chases in the spillway-face, the reinforcement being grouted 


a 
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into the spillway-concrete (Figs. 23, Plate 2). The screens extend 

along the spillway for a further 40 feet, preserving the same cross- 

sectional area. 

The concrete structure is designed to carry the rockfill, which ~ 

slopes from the crest-level, R.L. 840, to the underside of the tunnel- 

entrance, the maximum depth of rock over the chamber being 

25 feet. 

For convenience in design the tunnel structure was divided into 

4 three sections, each length being reinforced for the maximum 

condition of loading obtaining in it. The main reinforcing-rods 

are set radially on 6-inch centres at the spillway-face and are 

1} inch, 1 inch, and % inch in diameter in the respective third 
sections. 

The roof-slab over the original opening is supported by means of 
fourteen 1}-inch rods, anchored to the upstream wall of the valve- 
well, 6 feet above the opening, by the embedment of the upper 
5 feet of their length, bent down at a slope of 1 on 3. The lower 
ends are cogged round the lower ?-inch reinforcement of the roof- 
slab, and, to ensure that all rods were equally stressed before the 
structure was called upon to take the load of rockfill, an initial 
" tension was induced in each by means of turnbuckles into which ~ 

are screwed the upper and lower portions of the anchor-rods. The 
curve of the chamber-wall at the entrance is of 9 feet radius, and at 
the western side of the opening the old concrete is cut to a radius of 
5 feet. 


- 


Construction. 


During the first week in May, 1930, the rockfill was cleared away 
from the emergency outlet, and a heavy timber retaining wall 
built to hold back the fill from the opening. The old protective grid 
of concrete-covered I-beams was removed, and the rockfill which 
had been tipped against the spillway face to R.L. 770 was removed 
to form a berm at R.L. 751 on which the work was carried out. As 
this had been settling for some years, it was considered firm enough 
to support the formwork. 

By the third week in May the chases had been cut in the spillway- 
concrete and holes drilled on a slope of 1 in 3 for the embedment of | 
the reinforcing steel. . 

Hardwood sills were bolted into the spillway-face to hold the 
formwork bracing timbers. The formwork for the floor was sup- 
ported at R.L. 751 on 16-inch by 6-inch bearers supporting stringers, — 
bearers and decking. Neat-cement grout was used to fix the rods, — 
which were supported on timber bearers under their cogged ends” 
until the remainder of the reinforcement had been placed and the 


— 


REMEDIAL MEASURES AT EILDON RESERVOIR, AUSTRALIA. 177 


floor concreted. The inside-wall form studs were braced to the sills 
bolted to the spillway-face, and the roof-slab forms supported on 
knee-braced cross pieces. The remainder of the heavy reinforcement 
was now placed and grouted into the upper bonding holes, the 
turnbuckle tension-rods over the opening secured to the roof rein- 
forcement, and the wall-slab reinforcing-steel completed. The wall 
and roof were then concreted. 

By the 7th June, the eastern 40-foot section of the tunnel was 
complete. The tension-bars, however, were not tightened until 
the concrete was well hardened. On the 13th June the whole of 


the concrete work had been completed. The western side of the 


entrance to the penstocks was smoothed to a 5-foot radius and 
the tension-bars pulled up evenly. By the 10th July, 9 weeks 
after the commencement, all work on the intake-structure was 
completed. 


_ Screens for the Power-Ouitlet. 


The limitations of discharge due to the heading-up on the old 
sereen protecting the penstock have been referred to on p. 122. 
The maximum discharge at no time exceeded 1,900-2,000 cusecs, 
at which discharge the pressure on the screen was considered danger- 
ous. The new screen (Figs. 23, Plate 2) is supported on a structural- 
steel framework secured to the spillway-face by I-beam cantilevers 
embedded in the concrete, and provides ample waterway to ensure 
a low velocity of flow. The structure is 40 feet long and is divided 
into four 10-foot bays. The cantilevers and vertical beams carry 
the actual screens, which are made up of sixteen vertical grids and 
two sets of twenty horizontal grids placed on the side, top and bottom 
of the structure. They are of 3-inch by }-inch mild-steel flats 


spaced at 2-inch centres. The end panels support similar grids ; 
all are clipped in place with U-bolts. The clear waterway is approxi- 
mately 1,500 square feet. 


The structural members were zinc-sprayed, but this proved to 
be useless as a protective agent under local conditions ; rust appeared 


_ 12 months after placing. The cost of spraying was £7 per ton of 


structural steel. 
On the 24th July, 1930, the erection of the trash-racks was put 


in hand. ‘The cantilever-embedment holes in the spillway were 
cut out, and the cantilevers packed to the correct level, wedged 


into place, and the steel framework completely assembled by the 


5th August. On this date the assembly work ceased, as the storage- 
period commenced. The top beams were concreted into their anchor- — 


ages in the spillway and the work left until such time as an oppor- 


tunity presented itself for casting in the lower beams and. placing 
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1 } 
the grids by diver. This was done in August, 1934. On the Ist of 
that month the holes were cleaned out in readiness for concreting 
the beams into place, which was done by placing hessian bags filled 
with cement (about three to the cubic foot) into the holes around the 
beams and ramming them tightly to force the cement through the 
hessian, thus enabling the bags to set into a fairly solid mass. A week 

i later all the girders were embedded and the bottom grids placed, 
and by the 22nd August the whole work was complete. The screens 


i 


_ had been coated with a bituminous paint over the sprayed zine 
*s before placing. 
. 


SPILLWAY. 


5 The concrete gravity section constituting the spillway (Figs. 24, 
“hl Plate 2), 682 feet in length, is constructed in the bed of the Goulburn 
a river where the surface of the bedrock is R.L. 700, and is curved in 
plan, concave upstream, to the old western river bank where the © 
structure is founded on rock at R.L. 780. From the end of this — 
curve (radius 187 feet 9 inches at R.L. 808) a straight length skirts — 
% the edge of the old Sugarloaf quarry floor, which rises to its highest 
level at the upstream end of the by-wash where the rock shelf is at 
R.L. 808 ; here the line of the wall turns west to abut against the — 
quarry-face. 
A typical cross-section is shown in Figs. 22, Plate 2 (section BB) 
where the curtain-wall on the reservoir side of the structure is’ 
_ indicated ; on the downstream side of that wall holes were drilled 
with the intention of grouting the bedrock, some being left as — 
pressure-relief drains to discharge water passing under the cut-off. 
The upstream gallery collects water entering directly through the | 
construction-joints as well as through 6-inch diameter vents extend- 
ing up to within a few feet of the crest. <j 
On the two occasions on which the spillway was over-topped, the ~ 
greater part of the flow passed along the unlined portion of the — 
by-wash and carried away a quantity of rock in the form of boulders — 
broken from the steeply-dipping strata. Prior to 1929 a portion of 
the channel was lined with concrete to prevent encroachment on the — 
structure, and during 1936 further concreting was done across the 
whole width of the by-wash at R.L. 712, and along the edge of the — 
spillway-steps up to R.L. 760, | oan 
The form of the original crest is shown in Figs. 25. Bae 
Since this work was designed, floods of unprecedented intensity 
have been experienced in the south-eastern portion of Australia, and — 
the spillway-capacity has now been greatly increased. Mr. H. A. 
Hunt, the Commonwealth Meteorologist, has stated that a maximu mn 
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fall of 6 inches per day over the whole catchment of 1,500 square 
miles would be a “ fair average” for which to provide at Hildon. 
Such a rainfall falling over the Hildon catchment would cause a 
flood which would have taxed the capacity of the original spillway 
to the utmost, raising the level of the impounded water to within 
9 inches of the crest of the corewall, or 16-25 feet over the spillway. 

The Board of Inquiry investigated the capacity of the spillway 
and determined that, in the light of the experience at Burrinjuck, 
this should be increased. Furthermore, the residents of the valley 


Figs. 25. 
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Sprnzway-Crest ALTERATIONS. 


below the dam requested the Commission to lower the full-supply 
level, pending the restoration of the dam to a condition of safety. 
The request was acceded to and it was decided to cut a gap in the 
eastern end of the spillway-wall, extending to a depth of 15 feet 
below the crest-level (Figs. 25) for a length of 150 feet; this was 
capable of discharging approximately 20,000 cubic feet per second 
before the reservoir rose above the original full-supply level, and 
was later used as the basis of the design in providing extra capacity 


in the original spillway. 


The scheme adopted was to construct in the gap six overshot _ 
sluice-gates (Figs. 24, Plate 2), each 20 feet long and 15 feet high, 
tween and running in slots in the piers of a reinforced- 


- flange of the cross-girder. The vertical bars are held in a groove 
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concrete control-structure. The combined functions of this structure 
are to restore the original full-supply level to R.L. 823 and to provide 
an efficient means of rapidly increasing the spillway-discharge when 
desired. 


Description of the New Installation. 7 
Each gate is 21 feet 11} inches long and 17 feet 7 inches in overall 
height, the skin-plates being 74 inch thick. The staunching arrange- 
ment is in the form of horizontal and vertical bars of No. 10 gauge 
gunmetal tube, the former 24 inches and the latter 2 inches in 
diameter, with ends sealed by gunmetal plugs. To facilitate replace- 
ment, the staunching bar at the sill is held loosely in position by 
means of ten cast-iron supports set-screwed through the skin-plate to 
the lower cross-girder flange. Above this is a staunching angle shaped 
from 3-inch by 34-inch mild steel angle, having a cupped underface 
to hold the staunching bar in position, and bolted to the upper 


machined from a 12-inch by 3-inch mild steel bar shaped to form - 
the roller-track. 

The roller-chains contain fifty rollers 5 inches in diameter and 
4? inches on the face, fitted with 1}-inch gunmetal bushes running ~ 
on stainless-steel roller-spindles 1 inch in diameter. The chain- 
links are of 2}-inch by }-inch mild steel 11} inches long. The down- 
stream roller-tracks are riveted to the flanges of the vertical end 
members of the gate-frame; on the upstream side guard-channels 
6 inches by 3 inches are riveted to the horizontal I-beams. 

The gate-sills are on the chord of a circular arc of 189 feet 7 inches 
radius and overhang the upstream face of the spillway. They are 
“1” shaped in section, 10} inches in height, with a machined 
vertical face, 7} inches in width between bevelled edges, serving as 
a seating for the staunching bar in the closed position of the gate. 
In plan the gate-guide castings are channel-shaped, with 13-inch 
back, and sides 8f inches and 5% inches in depth ; they extend | 
from R.L. 784 to R.L. 831. The lowest 9-foot lengths of the roller- — 
tracks are cast with the guides, but the upper lengths are in the form 
of separate rocker track-castings with a face 5} inches wide, and 
are free to adjust themselves to any movement under the loaded 
roller-chain. From R.L. 831 the guides extend up to R.L. 839-92 as _ 
plain flat castings or extension-plates. 

The hoisting equipment for each gate consists of two winches, 
one over each end of the gate, driven through reduction-gears and — 
shafting by a 7}-h.p. 3-phase motor placed between them; the gates _ 
can be operated either singly or all together. Provision is being made 
to lift the gates above deck-level for overhaul when necessary. 
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The gates run in slots in 6-foot-thick piers erected on the R.L. 808 
level at 25-foot 84-inch centres on the line of the sill-casting, rising 
to R.L. 837-21 (the underside of the deck-beams). Below R.L. 808 
the piers overhang the spillway-face and extend downward to R.L. 
778-47. It is thus possible either to lower the gates about 6 feet 
below sill-level or to lift them clear of the structure. 

The overhanging portion of each pier below R.L. 808 is anchored 
to the old concrete by rods grouted into holes drilled in the upstream 
face of the wall, and the base of each pier, between R.Ls. 778:5 
and 784, is keyed into the wall by means of a rectangular chase 
6 inches deep, with grouted cogged steel dowels. At pier No. la 
reinforced curtain-wall 2 feet thick standing out 11 feet 3 inches 
from the spillway-face extends downward to the roof of the blister 
tunnel to hold back the rockfill of the bank and prevent it from 
encroaching on the gate-guides of that and the adjacent pier. Bond 
with the blister-tunnel roof is prevented by means of a “ malthoid ” 
strip, allowing free deflexion of the curtain-wall. 

It was originally intended to construct the piers of plain concrete, 
but after the construction of the first lift of pier No. 5, following 
a flood period (August-November, 1933) during which hair-cracks 
developed as a result of the unequal contraction of the concrete, the 
design was revised and reinforced-concrete piers substituted. The 
reinforcement consists of a grid surrounding the pier, composed. of 
§-inch bars spaced at 8-inch centres vertically and 14-inch centres 
horizontally, with 3 inches of cover, the vertical bars being grouted 


to a depth of 40 diameters into the old work. The deck is of rein- 


forced-concrete slabs, supported on concrete-encased I-beams. 

The level of the spillway-crest between the piers has been raised 
to R.L. 811 by means of a curved reinforced-concrete slab secured. 
to the concrete at R.L. 808 (Figs. 25, p.179). A section of this crest 


~ normal to the sill is elliptical in form for the upstream 6 feet 9 inches, 


the downstream part of the section being a vertical curve of 37 feet 
radius. The downstream portion of the crest, between R.Ls. 808 
and 805, is cut out of the old concrete, a 6-foot width of the original 


- concrete being left intact at the base of each pier. The raised crest 


is reinforced with a grid of }-inch bars at 9-inch centres, with 3 inches 
cover, and is anchored by §-inch bars at 3-foot centres grouted into 
the old concrete, their cogged ends embracing the uppermost rods 
of the reinforcing grid. 


Constructional Operations. 
In September, 1929, pneumatic picks or rock-breakers were em- 


ployed to cut down the 150-foot arc of the existing spillway-crest 
to R.L. 808. By the end of October, the gap was completed, a total 
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_ bolts; pier anchor-rods, scaffolding and form-bolts were grouted — 
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quantity of 1,035 cubic yards having been cut out at an average 
rate of 0-80 cubic yard per machine-day of 74 hours. 

In December, 1932, the work of installing the sluice-gates and 
control bridge was commenced, the first step being to increase the 
length of the gap by 8 feet. The cutting of 70 cubic yards necessary 
for this was completed, during the ordinary day work, in January, 
1933; the average output per machine-day of 83 hours was 1-26 
cubic yard, an increase of 40 per cent. over that of the three-shift 
work carried out in 1929, 

The construction of the overhanging portions of the piers below 
R.L. 808 was planned to enable their completion with one shift during 
the lowering of the reservoir, and before the flood period commencing 
in August or September, 1933, during which the preparation for the 
pier and deck work above R.L. 808 would be completed. Actually, 
the gap in the spillway wall was submerged in mid-August of 
1933. 

Concurrently with the extension of the spillway-gap in December, 
1932, the drilling of the holes in the crest at R.L. 808 for the 
anchorages of the pier and curved crest was completed. The work 
was done from rafts at the outset, and, as the reservoir-level subsided, 
during the irrigation period, hanging platforms were employed, these — 
and the pneumatic tools being suspended from the gap. { 

The different operations of the pier-construction proceeded suc- 
cessively from the western end at No, 7 pier. Chases were first cut 
to accommodate the gate-guides and sills with their connecting 


into position, and scaffolding erected ; pier-form yokes and panels 
were then placed and the pier concreted. 

The work at pier No. 1 was complicated by the depth of rockfill — 
over the tunnel protecting the emergency outlet, the roof of which | 
had to be exposed by sinking a timbered shaft 12 feet by 12 feet 
through the 1-in-1-4 slope of the fill, the uneven pressure of which — 
necessitated heavy external bracing to the face of the spillway — 
wall, and diagonal struts inside the shaft. e 

The downstream side of the crest was cut to shape with pneumatic 
tools, the slight irregularities being filled with a cement wash, which _ 
was subsequently found capable of resisting the action of the water a 
in the nappe. 

It was possible to reduce the weight of the formwork-timbers — 
for the overhanging pier-sections by first pouring the lift between _ 
R.L, 778-47 and R.L. 785-5 and allowing it to set for some days; 
this was used as a bracket to support the weight of the concrete 
immediately above it and thus relieve the scaffolding, eae 
The first lift above R.L. 808 in piers Nos. 5 and 6 was poured to 
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R.L. 816 before the high-reservoir period which caused the suspension 
of work in August. No. 1 pier, constructed inside the 12-foot by 
12-foot shaft, was treated separately and the concrete poured ahead 
of the other piers in order to allow the shaft-timbers to be drawn 
and the curtain-wall to take the weight of the rockfill. 

As a result of the formation of contraction-cracks in the bases of 
piers Nos. 5 and 6, it was decided to reinforce all piers with a vertical 
grid with 3 inches of cover. Before proceeding with their construc- 
tion, four vertical holes were drilled on either side of the cracks from 
R.L. 816 into the floor of the spillway-gap to R.L. 806, and 1-inch 
bars grouted in to bind the piers together. A line of holes at 14-inch 
centres was drilled around each pier at R.L. 816, 6 inches in from the 
face, to take the vertical rods of the reinforcing grids; these, on 
grouting, were bent to their correct position on a slope of 6 to Ly 
and carried vertically upwards 3 inches below the pier surface, 
ultimately to the deck level. 

A complete set of formwork having been prepared for each pier, 
concreting proceeded in rotation to R.L. 837-21, the level of the 
underside of the steel deck-beams. 

The deck-forms were hung from the steel deck-beams, and test 
loads were applied to ascertain the allowance to be made for deflexion 
during concreting. 

The curved crest-slabs were next concreted, the old surface at 
R.L. 808 being cleaned and washed with neat cement grout to obtain 
as close a contact as possible. A comparison of the old and new 
crests is shown in Figs. 25, p. 179. 

A working platform was rigged for the deck work, and the first 
steel joists were placed at the end of March, 1934. These were 
connected by rigidly welding on channels and secured to the piers, 


~ and the deck formwork commenced early in April. The deck-slab 


reinforcement was first assembled in the shops and each bar marked 
to ensure accurate placing. 

The gates had each been received on the works in two sections, and 
were transported by gantries and skids to No. 1 bay, whence they 
were lowered by cableway on to bogies, and moved to their respective 


‘positions on to I-beam supports overhanging the deck curbs for 
_ assembly. 


In hoisting the gates over the slots twin towers of braced Oregon 
timbers were employed. These were 27 feet in height, with an 
I-beam spanning the gap between them, and were erected on the 
deck, one on either side of a gate, alternate gates being assembled 


to allow room for towers in the intermediate deck-spaces. A self- 
‘supporting gantry of this nature was necessary on account of the 
narrow deck and the impracticability of guying either derricks or 
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shear-legs at such a height above ground-level. The gates were t. hen 
lowered into their guides, where they were temporarily suspended 
below deck-level. = 

The assembly of the deck winches and motors was completed by 
the 5th September, 1934, and the control-gear was housed in the 
power-outlet tower. The cables were tested and the gate-position 
indicators and control-switches adjusted, and the reservoir-level 
was controlled for the first time on the 18th October, 1934. , 


7%. 


Spillway-Capacity. 

Discharge-curves for the original spillway, and for the altered 
condition of the crest both during construction and after com-— 
pletion to the new design, are shown in Fig. 26. 4 


Fig. 26. 
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R.L. 823, and the discharges thus found added to the discharge 
over the residual unaltered spillway calculated from the formula 
for curve I. 

Curve III gives the discharge over the completed spillway with 
six 20-foot gate-openings having crests at R.L. 811 shaped to the 
nappe for R.L. 823. From analysis of tail-gauge discharges below 
R.L. 823, the coefficient C in the formula Q = CLH? was found to 
be 3-3 +0:029H. That formula was then used to determine gate- 
discharges for water-levels above R.L. 823, which were added to the 
discharge over the residual unaltered spillway calculated from the 
formula for curve I. 

The inset diagram in Fig. 26 gives the measured discharges over 
the tops of the gates at various openings. 


Gates in Operation. 


The behaviour of the gates when being operated under pressure 
is characterized by their smoothness of movement and complete 
control at all levels. The time occupied in raising a gate the full 
distance of 15 feet is 4 minutes. The coefficient of friction of a gate 
in operation, with reservoir-level at R.L. 822-75 (3 inches below full- 
supply level) was found to be: at start of movement 0-075, while 
running 0-052. The staunching bars are very effective. 

With the new curved crest at R.L. 811 the nappe leaps the upper 
steps in the downstream face of the gravity wall; at the western 
end it strikes the apron at R.L. 782, while, at the three gates near 
the power-outlet tower, the water impinges on the lower steps which 
break up the nappe and serve as energy-dissipators, which, together 
with the water accumulating on the apron at R.L. 712 acting as a 


further aid to the stilling effect, reduce the velocity of discharge from 


the spillway to a comparatively low figure. 


The gate-installation as a whole is proving most satisfactory in 
the regulation of reservoir-level. 


Lining By-Wash. 

This work comprised coffer-damming the river-bed below the 
by-wash by means of a low sandbag and clay-puddle dam, dewatering 
the river-bed, excavating keys for the concrete steps from the rock 
by pneumatic drills and rock-breakers, dowelling, placing formwork 
and concreting. Hxcavated rock was used as plums in the concrete, 
of which the total amount placed was 1,038 cubic yards. 
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MATERIALS. 
Rockfill. 


i The rock was obtained from the Silurian formation at each end 
of the bank; that from the Sugarloaf quarries was mainly hard 
dense slate, whilst that from the Pinniger side of the valley was 
generally soft shale with some sandstone. The woes of the rockfill 
mass is about 90 lb. per cubic foot, / 


Clay. 


The puddle core is composed of clay taken from borrow-pits, 
samples of which were subjected to tests for the purpose of com- 
paring their power of resistance to immersion, and their “ tough- 
ness.” Reference has already been made (p. 126) to Professor 
Chapman’s experiments made on samples of the actual puddle. ; 

In the pit samples the moisture-content in the natural state was — 
determined ; the clay was then thoroughly dried and ground to a 
powder, that passing through a No. 10 sieve (10 meshes to the inch) 
was then mixed with water (14 lb. clay to 8 oz. water in each case) 
to a workable consistency, and the following tests were made:— 

(1) ‘‘ Ball” test, A ball 3 inches in diameter was immersed in 
water and the period noted during which it resisted 
disintegration. 

(2) “ Roll” test. <A roll about 2 inches in diameter was broken q 
in tension and the nature of the break noted. 

(3) “Saucer” test, The sample (2 lb. of clay with 8-10 on, a 
of water) was moulded into a saucer 6 inches in diameter — 
with bottom and sides § inch thick, The mould was of — 
machined mild steel, giving a smooth uniform finish, 
The flaking of the surface on filling the saucer with water — 
was noted as a guide to resistance to disintegration, and — 
the cracking of the rim as an indication of shrinkage. 


The “clay” content was determined in each case, and was as 
shown below. : 


Sample No. Loose dry weight :| Clay-content: | Moisture-content: 
ib. per cent. percent. = 


“Magazine” pit M1 . 72 
M2 


J _ M3. 72 
 Eastend pit El . . 63 
e EZ. S., 
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The results of the three tests were as follows :— 
(1) Ball test. 

M1 and M2. Commenced to flake as soon as placed 
in water; top had flaked away after 4 hours and col- 
lapse was complete after 8 hours. 

M3. Asin M1 and M2; initial and final disintegration 
in 34 and 73 hours, the residue being of silty grains 
spreading out to a flatter angle than M1 and M2. 

El, E2, and E3. Initial flaking in 2, 24 and 3 hours, 
final collapse of sample in 5, 44 and 5 hours respectively. 

(2) Roll test. 

M1, M2, M3, El and E3 gave a short “ strong” break, 
E2 only showing a “ weak” break (tensile strength not 
measured). | 

(3) Saucer test. 

M1 (2 lb. dry clay, 9 oz. water). Flaking of surface 
commenced on saucer being filled with water. After 
2 hours large crack formed over full depth of rim. 

M2 (2 Ib. dry clay, 8 oz. water). Flaking on filling. 
Large rim crack after 24 hours. 

M3 (2 lb. dry clay, 8 oz. water). Commenced to flake 
on being filled with water, which had all soaked through 
the bottom after 18 hours; no cracking was noticeable. 

El (2 Ib. dry clay, 10 oz. water). Very slight flaking 
was noticeable on filling with water, which seeped slowly 
through the bottom after 15 hours. 

E2 (2 Ib. dry clay, 10 oz. water). No flaking; water 
lost through cracking of rim in 14 hours. 

E3 (2 Ib. dry clay, 10 oz. water). No flaking; water 
lost through rim cracks and bottom seepage. 


- Samples of clay from bores in the puddle-wall were tested for 
plasticity, an index to which was obtained by measuring the diameter 
of indentation produced on a flat surface of clay by dropping a steel 


; _ ball of 13 inch diameter weighing 0-632 lb. from heights of 12 inches 


and 24 inches, the clay being moulded, for the purpose, into cylinders 
3 inches in diameter and 12 inch high The moisture-content of a 


~ number of samples was determined by drying to constant weight 


at 100° CG. The test report states that “ many of the samples con- 
tained a number of small stone fragments and while the tests were 
directed towards the determination of certain properties of the clay, 


1 This test is given by Mr. A. L. Bell, in ‘«The Lateral Pressure and Resist-.— 


ance of Clay, and the Supporting Power of Clay Foundations.” Minutes of — ~ 
~ Proceedings Inst. C.E., vol. excix (1914-16, Part I), p. 264. J 
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and although the influence of these fragments was eliminated 
main, it is possible that they may have contributed some s 
irregularities to the observations recorded. It is evidentfrom 1 
results that clays of varying characteristics are represented and the 
plasticity as exemplified by the drop test is dependent on other 
factors besides the water expelled at 100° C.” Specific-gravity 
determination on four specimens gave figures ranging from 2-02 to 
2-15. The moisture-content ranged from 16-4 per cent. to 25 per 
cent. of the wet weight. The results of observations on samples 
from three bores at chainage 1,550 and distances of 5 feet, 45 feet 
and 75 feet from the corewall are shown in Table XII. 4 


Tota Cost. 


The work was practically completed in July, 1936, and the total 
expenditure was as follows :— . 


£ 

Embankmiont:. istyc uidec Sa. cots i hubs gate a een OGG 
Spillway, including by-wash . . . . . . . 35,530 : 
Drainage . eee ROO, 5 PRES, 35,774 Y 
Outlet-works,. sree, is cae ee) S920) : 
Temporary works, workshops, camps, etc. . . . 20,293 Py 

Engineering surveys and investigations . . . . 24,228 
a 

£380,211 


All local overhead costs are included in the above, but head-office 


charges (insurance, interest, etc.) are not included. ~ 


% 


ConcLusION. a 


_ On the 13th August, 1936, the Inquiry Board reported that they 
__were satisfied with the condition of the dam after restoration! 
__ The work described in the Paper was carried out on the recom-— 
__ mendation of the Board of Inquiry by direction of the State River 
_ and Water Supply Commission, under the Chairmanship of the 1 
Pe Mir. R. H. Horsfield, M. Inst. C.E., to the designs of the then Chief 
Designing Engineer, Mr. W. A. Robertson, M.C.E., M. Inst. 0.E. 
______The remedial operations were instituted by Mr. C. P. Farie Wright . 
a nh. Inst. C.E., immediately after the subsidence. The Author w 3 
Executive Engineer resident on the works from August 1929, until 
their completion in 1935. ype a 


- (The engineering construction staff comprised Mr. H.-H. Wi 


-— 


a 1 A copy of the Report accompanies is MS ; Mees) 
_ nies | MS. of the Paper, t 
seen in the Library of The Institution.—Sxo, Inst. CE. et _ rid 
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B.C.E., who was Assistant Engineer from the commencement until 
1932, and Messrs. H. L. Byham, L. J. Scott, and ©. L. Sanders, 
Assoc. M. Inst. 0.E., Shift Engineers; Mr. Byham later acted as 
Assistant Engineer until the appointment in 1934 of Mr. CT: 
Stafford, B.C.E., to that position. 

The Author desires to acknowledge his indebtedness to Mr. L. R. 
East, M.C.E., M. Inst. C.E., Chairman of the State Rivers and Water 
Supply Commission, for permission to publish the Paper, and for 
the use of official plans and records in its preparation ; and to thank 
Mr, Stafford, Assistant Engineer, for his valuable assistance in com- 
piling the Tables and in the preparation of the drawings. 


The Paper is accompanied by forty-eight sheets of drawings and 
twenty-one photographs, from some of which Plates 1 and 2, the 
Figures in the text, and the half-tone page plate have been prepared. 
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Discussion. 


Mr. W. J. E. Brynte, Vice-President, remarked that the failux 
Bee ribee in the Paper was one which might occur to the wor 
any engineer, and he wished to express his sympathy with those whi 
had designed the original works. The Paper was of far more va. lu 
as describing a failure, than Papers which dealt merely with suce 
ful works, and it contained numerous points of interest. In 1 
Sir Benjamin Baker had read a very interesting Paper? in w 
he described the behaviour of retaining walls of many types. 
less than 9 miles of such walls had been constructed for the und 
ground railways of London, some of them of very great height, 
Sir Benjamin described what had happened to them. Some of them 
though apparently far too thick, had failed; some of th 
apparently not thick enough, were still standing at the present « 
Sir Benjamin wrote: “ If an engineer has not had some failures 1 
retaining walls, it is merely evidence that his practice has not | 
sufficiently extensive; ...” His Paper should be read by 
engineer, because, though written 56 years ago, it went almost a 
as had now been reached. Engineers had been guided in the | 
by text-book theories of earth-pressure which took no accoun 
many of the major factors, such as the all-important moisture-cont 
Only in recent years had the study of soil-mechanics been initiate 
but even now the knowledge available was very limited. 

In the case described by the Author experiments had been carrie 
out at the Adelaide University on clay taken from the bores referred 1 
on p. 127 and sealed in an airtight container. Curiously, however, tl 
tests had not been carried out on the clay as received, which conta 
only 23 per cent. of moisture, but on clay containing 30 to 40 
cent. of moisture, the results being as given in Table VIII (p. : 
The calculated pressures which would be developed by clays 
taining such a high degree of moisture as 30 to 40 per cent. wou 
very high indeed, as shown in the Paper, but those develo: 
the clay in the dam, which contained only 23 per cent. of mo 
would be very much less. For that reason, Mr. Binnie consid 
that there must have been some other contributory cause for 1 
subsidence ; that cause was to be found in the fact that the ock 


“The Actual Lateral Pressure of Earthwork.” Minutes ote 
On C.E., vol, Ixv (1880-81, Part TIT), p. 140. - 
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as founded on top of what was called “clayey material” in the Mr. W. Binnie. 
aper and was described as “ clay ” in the Report of the Eildon Weir 

nquiry Board, which, when moist, would form a very greasy surface 

n which the rockfill would slide under comparatively little lateral 

ressure. There was evidence that the rockfill itself would stand at 

very high angle of repose and would only have exerted slight lateral 

ressure, so that its movement could only be accounted for by the 

reasiness of the clay foundation. 

On p. 132 the Author suggested that an economical form of rock- 
ill dam would comply with three requirements, of which the first was 
‘A foundation of sound clean rock free from overburden.” To 
ulfil that requirement, however, would frequently involve prohibi- 
ive excavation. Suitable initial precautions could, however, be 
aken even when dealing with a greasy, slippery soil ; for instance, 
lipping of the bank could be prevented by putting a very heavy 
‘oe to the bank and driving piles well down through that toe along 
he whole length of the bank. Such a method would normally be 
adopted in circumstances of the kind in question. In the present 
sase it had been impossible to de-water the reservoir so that such a 
soe could be put in; the object had had to be achieved by throwing 
xtra weight on that portion of the dam. 

When rock was dumped and no measures were taken to consoli- 
Jate it, the subsidences both vertically and horizontally were very 
sonsiderable; in one case! subsidence had not ceased even after 50 — 
years. When it had been necessary to consider how to place the rock 
of the Shing Mun dam, which was 275 feet high above the stream-bed 
level, it was decided to pack the stones by hand so as to minimize 
the settlement due to consolidation of the fill. The base of the fill 
was not taken down to the rock but to boulders and sand which 
appeared to be well compacted in the old bed of the stream. There 
was a very narrow gorge with steeply-inclined sides rising to a height 
of about 100 feet, above which the valley widened out. It was very 
difficult to distinguish the settlement due to compaction of rockfill 
from that due to the compression of the soil by the superincumbent 
mass. To ascertain what settlements took place where the greatest 
stress was thrown on the foundations, three plates were built into 
the rockfill; one on each side of the gorge close to the bottom, 
and one over the centre of the gorge and 140 feet above the bottom. 
Those plates having been built in, rods were attached to them and 
prought up with the rockfill as the work was carried on, records 
being kept of the lengths of rod added, so that at any time the 
distance between the top of each rod and the plate below it was 


1 Proc. Am. Soc. C.E., vol. 63 (1937), p. 1,460. 
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Mr. W. Binnie. known, and, the original level of the plates being known, i « 
possible to tell whether there had been any depression. The 1 
were very curious. The two plates which had been put one on 
side of the gorge close to the bottom sank gradually at an a 
rate of 0-022 foot per month for 20 months until the calcul 
pressure on the foundations reached slightly less than 7 tons 
square foot. Suddenly the material under the foundation app 

au to break down and the rate of settlement became 0-32 foot per mo: 
ov which went on for 10} months, the total settlement when the w 
. was completed amounting to 3°75 feet at plate No.1. The rods the 
a had to be removed, because of the squared granite facing which ha 
% to be put over the top of the rockfill, and while that was being pla 
2 no levels could be taken. As soon as the facework was in plac 
* levels were again taken to see whether settlement continued ; duri 
%S the subsequent 7 or 8 months there had not been the slightest t 
a of further settlement. The next question was whether the movi 
ment was entirely due to compaction of the underlying material ¢ 
whether there had been any settlement of the rockfill in itself. Ths 
question was answered by the settlement-record of the third plat 
which had been placed 101 feet above plate No. 1; simultaneou 
readings during the succeeding 16 months showed that the fil 
between the plates, 101 feet in vertical height, had not compacte 
as the settlement of the two plates was the same. It was evid 
therefore, that the hand-packed rockfill had not been apprecis 
compressed. At Shing Mun dam there was a very large retai 
wall which formed the water-face of the rockfill ; when the reservoi 
was filled and overflowed to a depth of 2 feet the maximum down- 
stream movement of that wall was only 7's inch, which showed the 
effectiveness of the support given by the rockfill. 4 
For rendering the rockfill watertight the Author advocatet 
(p. 182) “an upstream reinforced-concrete slab of the ‘ articulated 
type supported directly on the fill and continued downward into the 
bedrock as a cut-off, along the upstream toe, the depth of the cut-ol 
being determined by the nature of the rock foundation. The con 
nexion between the slab and cut-off would be designed to allow ¢ 
settlement of the fill by forming a ‘ hinged ’ watertight joint witl 
special provision for drainage.” That method of construction 
however, would involve a longer cut-off trench, as it would have 
traverse the whole periphery, and the cost of getting the cu 
trench down to the rock often bore a very considerable proport: 
of the total cost of the work. Moreover, it was difficult to devi 
joint which would be always watertight while connected to a 
which was bound to slide up and down on the top of the fill due t 
changes of temperature and settlement. ai. 
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‘Mr. Epwarp Sanpeman extended his sympathy to the engineers Mr. Sandeman, 
rho had been called upon to reconstruct the dam. In the cir- 
umstances that had been described, unless the whole central portion 
f the dam were pulled down there was a great risk that some weak 
ortion in the corewall would not be discovered. 

The failure of the Lower Otay dam, California, built in 1887-97, 
yas interesting. That dam had been of similar type and dimensions 
o the Eildon dam ; it had stood for about 18 years, but in January, 
916, during a flood, the water rose to the spillway-level and the dam 
vas washed away. In that instance the rockfill had been mixed 
vith earth. As the Author pointed out in the Paper, the design 
the Eildon dam—as of the Lower Otay dam—was such that only 
he downstream half of the mass of the dam was acting in opposition 
© the pressure of the water and of upstream rockfill. For the 
afety of such a structure it was essential that the material on either 
ide should be of a rigid type. 

It had been found by experience that hand-packing of rockfill made 
1 sounder structure and allowed a watertight face to be placed on the 
ipstream slope of the dam, so that the watertight face had the whole 
mass of the dam behind it. That design had been developed by 
Italian engineers in particular, who had built such dams up to 300 
feet high. 

_ It would be interesting to know whether the removal of the central 
part of the Hildon embankment had been contemplated. He sup- 
posed that the undesirability of dewatering the reservoir had pre- 
vented that being done. 

He would like to congratulate the engineers responsible on the 
extremely small amount of leakage—only 50,000 gallons per day— 
which occurred after the very difficult repairs had been carried out. 
Mr, James Wrtx1amson observed that it was much easier to Mr. 
criticize a difficult engineering work in retrospect than to arrange Maret 
and foresee everything that should be done at the beginning. Several 
important lessons might, however, be learned from the Paper. 
From Figs. 12 (p. 187) it would be seen that before the occurrence 
of the principal slip the corewall had already moved 44 feet down- 
ream at chainage 1,550 and nearly 5 feet at chainage 2,300. It 
seemed clear, therefore, that considerable movement had taken 
place long before the big slip occurred, and that even without that 
ip there was probably a risk of some failure. The movement 
ferred to also appeared to support Mr. Binnie’s suggestion that 
tlement of the ground underneath the bank had taken place. 
In Figs. 9, Plate 1, on the bore shown farthest to the right there 
was a mark “N.S.” at a depth of 24 or 3 feet below the original 
rface-line. Assuming that “N.S.” meant “natural surface,” 
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Mr. there was evidence that at that particular bore the natural su 
Williamson. had gone down 24 or 3 feet. It was quite likely that if the nat 
surface had settled on the reservoir side it had also settled o 
downstream side, as indicated in Fig. 27. ‘ 
ay With regard to the deflexions downstream of the corewall, it 
& was most remarkable to find from Figs. 11 (p. 129) that there 
no downstream deflexion at all at the two places where the corewa 
had a radius and was in the form of a horizontal arch. He 
made some rough calculations, and had found that those two 
tions, even though they were only 3 feet thick, would be capa 
of holding up—though at a fairly high concrete-stress—a very | 
part of the actual pressure from the upstream side. The cur 
portions would act as arches and the straight portions as abut . 


Fig. 27. 


Scale: 1 inch = 120 feet. 
Feet 10 0 10 20304050 100 feet 


Probable ultimate 
position of clay 


Settlement 
of ground 


ments, and the corewall, though very thin, would not be liable 
buckle as it was held on both sides. That, he thought, comp’ 
explained why the dam had not yielded at the two circular po 
of the corewall, and it indicated that the conditions producing 
downstream movement had been marginal so that the extra su 
; provided by those curved portions had been sufficient to st 
downstream movement in their vicinity. It appeared that if ali 
more care had been taken to put rather a wider bank on the do: 
stream side, with rather a flatter slope, and if it had been bet 
built and not merely tipped to the angle of repose, the movemen 
downstream might not have occurred. a 

The trouble on the upstream side had evidently been due entirely} 
to the clay and to the extra pressure that it introduced. Fig. 23 
showed the probable ultimate position. Fig. 9, Plate 1, was po ibly 
a little misleading in that the position of the clay at chainage 
was shown at the time of the major slip, the top of the 
having subsided about 25 feet. Figs. 12 (p. 137), however, 
clear that before the rockfill came finally to rest it wen 
another 50 feet, so that the final position of the clay was not as 
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shown in Fig. 9, Plate 1, but might be more or less as shown in Mr. 
Fig. 27. Clay which would yield to that extent would be capable Viiamson. 
of exerting a fluid pressure far greater than that of water; more- 
over, as it was plastic and partially fluid, pieces of rock would sink 
into it and would form a mixture just like soft concrete, which, 
owing to the stone being denser than the clay, would exert even 
larger pressures than the clay alone. It appeared to him, therefore, 
that if in the first place the engineers had relied on the concrete 
corewall and had put rockfill alone on the upstream side, there 
might not have been the downstream movement and there certainly 
would not have been the slip. 

With reference to the remedial measures, it seemed to him that 

the arrangement which had been adopted on the upstream side was 
very well calculated to effect the ultimate purpose, although a great 
deal of rock had had to be tipped before stability could be attained. 
On the downstream side, he doubted whether it had been very wise 
to pile up the weight of rockfill on a narrow base in the way shown. 
It would probably have been better to have gone wider and to have 
finished the fill with a flatter slope. 
The wedge-like effect of the pressure of the clay was well 
illustrated by the description of the movement in the vicinity of 
the outlet-tower. The clay was between the wall and the tower: 
the wall was pressed downstream, and the tower was pressed 
‘upstream. 

The difficulty that had been experienced in operating the upstream 
gate-valves might have been due partly to an effect which was | 
sometimes neglected. The valves were operated by rods from a 
‘double-acting hydraulic cylinder. When a valve of the shape 
employed (whether of box form or finished with a rib at the bottom) 
“was cracked open under high pressure there was a tendency to com- 
plete release of pressure and even to the formation of a vacuum 

‘underneath the bottom of the gate. The force required to raise 
the gate was thus increased by the weight of water on the top of 
the gate. Unless the pressure downstream were relieved by adequate 
ventilation, there would also be a vacuum behind the gate which 
put an additional horizontal load on the gate and thus increased 
frictional resistance. In the case of high heads of water, those effects 
could increase the load to be lifted by 100 per cent., and he would like 
to know whether they had been partly responsible for the difficulty 
met with in operating the Hildon gate-valves. A modified design 
"was now being more commonly adopted for high heads, the position 
of the valve being shifted from the downstream side of the shaft to 
? the upstream side, and the thrust on the gate being taken by extend- — 
‘ing it into grooves. When a valve of that design was cracked open ~ 
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Mr. there was no water-pressure on the top of the gate and no vact 
Williamson, below or downstream of the gate; moreover, when the gate 
shut there was complete access by means of the shaft to the out let- - 

conduit. P| 

In considering whether there was any weak point still in the da 

he thought that reference might be made to chainage 2,300, whe 

there was still a mass of clay behind the corewall almost to the full | 

height, and where the deflexion of the corewall had been ov 

7 feet. Perhaps, also, the authorities in charge of the dam mig 

feel more comfortable if a separate outlet-tunnel of large capacity 

were driven through the rock at the side of the river to supplement — 

— the present outlet-culvert. 
Mr Cooling, Mr. L. F. Coorrne, of the Building Research Station, sugges ed | 
he ‘ that the subsidence of the upstream bank might be accounted for 
by a theory diffecent from that put forward in the Paper. According — 
a to that alternative theory, failure was the result of a shear slide, 
—_— basically of cylindrical form, passing through the clay core and 
through the layer of clay in the foundation of the embankment. A 

was well known, failures in clay slopes usually took the form of shear 

slides, and their mechanism had been analysed by W. Fellenius,1 

H. Krey,2 K. Terzaghi3 and others. It seemed to him that 

most of the phenomena observed at Eildon could be explained on 

. the basis of a shear slide, and by using the Fellenius-Krey method it 

was possible to make a rough analysis of the stability of the bank. 

Fig. 28 was essentially a reproduction of Figs. 9, Plate 1, and 

showed the original and final sections of the bank and corewall. 

The surface along which the slip appeared to have occurred was 
shown by the line ABC, and the dotted lines indicated an inter. 
mediate position of the bank and corewall. The arc ABC was 

; part of a circle with centre O, and it was suggested that the wedge 
; of earth ABCDA rotated about that centre. In doing so, the clay 
core would tend to move away from the concrete diaphragm, but, 
as it would not be able to support the weight of the rockfill, it would 
deform and slide down the wall. Similarly the upstream toe, 
although tending to rise, would not be able to support the weigh 
of the fill, but would deform and slide on the natural surface be 
’ the toe. “As a result of that movement, the clay core would assume 
a shape not unlike that shown in Fig. 9, Plate 1, and in fact the 
curvature at the top and the pointed portion at the bottom seemed 
to lend support to the idea of the shear slide. wah al 


1 «“ Erdstatische Berechnungen,” Berlin, 1927. 
2 * Erddruck Erdwiderstand,” Berlin, 1936. ; 
* Public Roads, vol. 10, No. 10, December, 1929. 
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In describing the subsidence, the Author drew attention to four Mr. Cooling. 
important facts :—(i) The movement of the bank took place over . 
that portion of the dam supported not on bedrock, but on a layer 

of clay. The arc ABC in Fig. 28 gave a depth of the slip-surface of 

10 feet below the natural level, and it appeared from the measure- 
ments given in Figs. 3, Plate 1, that the clay under the bank was 
probably between 10 and 15 feet thick. (ii) The outward movement 

of the upstream toe increased progressively towards the central 
chainage, and was in direct proportion to the downward movement 

of the clay; that rather suggested a rotational movement of a 
mass as a whole. (iii) The clay core appeared to move as a mass 
and was not merely forced into the interstices of the fill; that was 


Fig. 28. 
ie) 
te Scale; 1 inch = 80 feet 
N Feet 10 0 10 20 30 40 50 feet 
. jeer ar oe ee) 


Original position 
Intermediate »...----—---— 


Rock-level 


consistent with the idea of a shear slide. (iv) The failure occurred 
‘at a time when the reservoir-level had been drawn down to R.L. 776 
for the first time after reaching full-supply level. The last-men- 
tioned point was probably the most important of all, as would be 
appreciated from a rough analysis of the stability of the bank. 

. The principle of Fellenius’s method of analysis was to consider 
‘the stability of the mass ABCDA (Fig. 29) against rotation about 
‘the centre O. The forces tending to cause rotation were derived 
from the weight of the mass, and the forces resisting the movement 
were derived from the cohesion, of the clay and the frictional forces 
around the arc ABC. Those forces could be estimated from 
Youlomb’s law of shear, which stated that the resistance along a 
“shear surface could be represented by the equation ¢ = / +n tan d; 
where ¢ denoted the shear resistance along the surface, ¢ the effective 
ngle of internal friction, and n the normal pressure on the plane of — 
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and the weight of each portion was calculated. The weight was th 
resolved into two components, one tangential to the curve, i be: 
one normal to it, N. In considering the stability of such a 
if the forces between the slices could be neglected then the mome 
causing rotation might be expressed as RET, the sum of 
tangential components of the weights of the slices multiplie 
the moment-arm of the rotation. The resisting moment was ms 
up of two components, RXN tang due to friction and RA d 
to cohesion (where / denoted the length of the arc at the base 
the slice). When failure occurred, ST = UN tand + SH. i 


Fig. 29. 
; {9} Seale: 1 inch = 80 feet. 
. Ls Oe afer ~ Feet 10 0 10 20 30 40 50 feet 
Ne a aes es ee 
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on In applying that type of analysis to the failure under consideral 
tion, he had only been able to obtain a general idea of the stabilit y; 
because it had been necessary to make various assumptions. First} 

it was assumed that the clay in the clay core and in the foundation- 

layer had the same shear characteristics. That made the calculation 
much simpler, and was a reasonable assumption, as it was state d 
in the Paper that the clay core was actually made from the founda- 
tion clay near the site. Secondly, the resistance to movement down 
the concrete diaphragm was taken as being due to the cohesion of 
the clay, so that the resisting moment was equal to (coh 3i 
X length of wall DA x moment-arm a). Analyses had been 1 
for two conditions (Fig. 29), firstly with the reservoir full to R. 
_ and secondly with the water drawn down to BaLbe76s wae 
- In the first case the weight of the rockfill in water was take 
56 Ib. per cubic foot; that figure had been calculated f ro 
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Author’s statement that the fill weighed 90 lb. per cubic foot in Mr. Cooling. 
air, on the assumption that the rock had a specific gravity of 2-65. 
The weight of the clay core in water had been taken as 61 lb. per 
cubic foot, since in air it was stated to be 123 lb. per cubic foot. 
The weight of each of the blocks 1 to 6 (Fig. 29) was then calculated, 
and resolved into components normal to the shear surface (such 
as N.) and tangential to the shear surface (such as 7). The total 
disturbing moment R=T was then computed. The resisting 
moment due to friction, RXN tang, was next calculated, taking 
¢ = 5 degrees as given in the Paper. The difference between those 
moments gave the value of the moment (cohesion along DA x a) + 
(cohesion along ABC x R) that was necessary to maintain equili- 
brium, whence the cohesion of the clay worked out to 625 lb. per 
square foot. 

In the second case, when the reservoir was drawn down, there 
would be no hydrostatic uplift above R.L. 776 level, and the clay 
core would assume a weight of 123 lb. per cubic foot and the rockfill 
a weight of 90 lb. per cubic foot. The calculation was exactly 
similar to that for the first case (the forces being greater, as shown 
by W.’, N’ and T,’, Fig. 29), and showed that when the reservoir 
‘was drawn down the cohesive strength of the clay would have to be 
as great as 950 lb. per square foot to ensure equilibrium. 

For clay that had been remoulded at a moisture-content of 30 per 

cent. of the dry weight, Table VIII (p. 127) gave the friction angle 
as 5° 10’ and the cohesive strength as 820 lb. per square foot. The 
samples taken from the clay core were of stiffer consistency, with 
@ moisture-content of 23 per cent., so that the cohesive strength 
‘of the core was probably reasonably near to the value deduced 
above from the analysis of the stability of the bank in the second 
‘case. It seemed, then, that that rough analysis, made on the 
basis that the failure was a shear slide in the clay, gave results that 
agreed reasonably well with the data for the clay. 

A further point which might be considered was the movement 
of the bank during reconstruction. With a mechanism of failure 
‘such as that indicated, it was evident that to prevent appreciable — 
further movement it would have been necessary to place consider- 
ably more rockfill on the upstream berm than at the corewall. As 
“was shown in Figs. 12, p. 137, however, similar quantities had been 
“placed at the corewall and at the toe between May and November 
4929 ; movement had continued during that period, and had not been 
arrested until the loading of the berm preponderated. 

In research into soil problems, progress was bound to depend 
largely on information derived from the study of the behaviour of 
full-scale structures, and records of observations and measurements 
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such as were included in the Paper were of great value. The u 
of such records would be enhanced if they included the results 
tests carried out on “ undisturbed ” samples from the various st 

Mr. G. M. Bryyie observed that the Author, referring to ro 
dams with an upstream reinforced-concrete slab of the articul 
type, stated that with the upstream rockfill placed as a well-grad 
mass, a uniform bearing for the slab could be prepared, and com-- 
paratively even settlement would be assured. The San Gabrie 
No. 2 dam, 265 feet high, had been designed on that principle. 
According to a published account,! it was constructed of loose roc 
of excellent quality in 25-foot lifts, a few inches of fine materia 
being placed at the top of each lift to facilitate truck-hauling. The 
settlement of the rockfill during construction was stated to have 
been about 1 foot per lift. Both the upstream and downstream 
slopes were approximately at the natural angle of repose of t 
rock, the upstream slope being constructed of dry rubble 6 to 15 fe 
thick. The facing was constructed in laminated concrete slabs 
About 150,000 cubic yards of overburden were removed from the 
site before any rock was placed. After heavy rain which fell when 
the dam was nearing completion, a vertical settlement of about 
12 feet occurred, and the laminated concrete face was crushed and 
cracked to such an extent that it had to be entirely replaced by a 
temporary timber facing. Settlement and horizontal movement of 
a rockfill dam might be due to any of the following causes :—(i) the 
compression of the foundations under load; (ii) the crushing of 
the bearing points of the rock under increased load ; (iii) the dis 
placement and readjustment in position of the stones under load, 
the smaller stones tending to move into the voids between the larger 
stones; and (iv) the washing-out by rain of the fine material 
between the bearing points of the stones. In view of the large 
amount of overburden removed and the rocky nature of the site, i 
hardly seemed probable that the sudden settlement at the San 
Gabriel No. 2 dam was caused by the foundations becoming soft 
under the influence of rain. It was also evident that rain itself 
would not affect either the crushing of the bearing points of the 
rock or the equilibrium of the stones themselves, provided they 
were all bearing directly upon each other “ rock to rock.” What 
appeared to have happened was that the rain washed the fine 
material from between the bearing points of the stones into the voids, 
As a result, the equilibrium of the stones themselves was disturbed 
and a general readjustment occurred, resulting in settlement which 
continued until a sufficient number of stones were bearing on each 
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other “rock to rock” to re-establish equilibrium. The Author Mr. G, Binnie. 
suggested on p. 133 that consolidation of rockfill could be attained 

by tipping fines amongst the larger stones, but, judging from the 
behaviour of the San Gabriel No. 2 dam, that would seem to be a 
dangerous practice unless the fines were sluiced with water into 

the voids. 

It was interesting to compare with the San Gabriel No. 2 and 
Hildon dams the construction and settlement of the rockfill, 275 feet 
high, of the Shing Mun dam recently completed in Hong Kong. The 
foundations of the rockfill consisted of badly decomposed soft 
granite and boulders on one bank and rock on the other, only the 
top soil having been removed. The rockfill was constructed of 
stones ranging in weight from 4 tons to a few pounds, the larger 
stones being set by derrick and the rest by hand, in such a manner 
that the interstices between the stones were kept as small as possible 
Quarry-waste and fines were eliminated as far as possible from the 
fill, which was constructed in 2-foot layers to enable easy inspection 
for bad packing, and each layer had a slope of 1 in 10 upwards in 
the downstream direction. The settlement of the rockfill during 
and after construction had already been mentioned by Mr. W. J. E. 
Binnie (p. 194); it was remarkably small, and the first torrential 
rains at the beginning of each wet season had had no effect what- 
ever upon it. That very satisfactory result could undoubtedly be 
attributed to the hand-packing and the avoidance of fines in the 
rockfill. 

The cost of placing the hand-packed rockfill after it had been ° 

dumped by derrick on the dam was approximately 7d. per cubic 
yard. Where labour was cheap—the maximum rate for unskilled 
labour for the Shing Mun dam was 14d. per hour—there was no 
doubt that that was the ideal form of construction. 
Mr. W. T. Hatcrow agreed with the Author’s remark on p. 139 Mr. Halerow. 
that the thickness of corewalls required for rockfill dams was largely 
a matter of judgement and experience. The thickness of the core- 
wall of the Eildon dam ranged from 2 feet at the top to 6 feet at 
137 feet down, whereas the corewall of the Treig dam," which was 
partly rockfill, was 5 feet thick at the top and 10 feet thick at 40 feet 
down, though it was a much smaller dam. The trouble experienced 
at Eildon did not appear to have arisen from the corewall, although 
it seemed to be thin considering the different nature of the materials 
on either side and the fact that the rock was not consolidated in 
any way. In the case of Treig dam the rockfill had been rolled in 
‘ 
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layers of about 2 feet in depth by a 10-ton roller, and it had 
found that by keeping the downstream bank some 8 to 10 
higher than that upstream during construction the massive re 
forced concrete corewall could be deflected in an upstream direction. 
Mr. Halcrow had not previously seen rockfill rolled. When ar 
embankment was formed of stone of irregular shape, many pie 
rested on points which crushed as load was built up and caus 
settlement. It seemed reasonable to anticipate that crushing by 
artificial consolidation, and good results had been obtained. Th 
articulated reinforced-concrete slab resting on the rockfill andi 
forming part of the spillway had not settled since the dam was 
completed about 4 years ago. ; 

Whilst there was something to be said for placing special material | 
upstream of the corewall to stop seepage through cracks in the: 
concrete, Mr. Halcrow doubted if it was of much value. <fil 
downstream formed a natural drainage-medium, and the percolation | 
of a small amount of water was not likely to be serious. For th 
Treig dam no material of a clayey nature could be found in th 
district to place against the corewall, and therefore dust rejec 
from the stone-crushing installations had been used. If any cra 
occurred in the corewall that fine stone-dust would be drawn int 
them by the water. 

The failure of the bank at Eildon reservoir was instructive, ant 
the Paper was of great value. It was easy to be wise after th 
event, but the results indicated that material having a weigh 


loose rock to hold it in position ; perhaps if the rock had been con- 
solidated by rolling, the increased weight might have been sufficien 
to ensure stability. Probably no trouble would have been 
experienced if the clay had been omitted. 

Reference had been made in the Paper to the type of dam which 
was formed of a rockfill embankment with an articulated imperviot 
slab on the upstream slope. He had on two occasions prepare 
detailed designs for a dam of that type, and had rejected both o 
them for various reasons. Some of those reasons had been men- 
tioned in the Discussion, but another important one was the diff 
culty of making a satisfactory joint between the vertical cut-off wa 
at the toe of the upstream bank and the sloping slabs on the rockfill 
where following up the steep sides of a valley. The central cor 
had many advantages, and, if made thick enough to support th 
downstream bank when the reservoir is empty, it could be used 
without a bank upstream or with a partial bank as in the case o: 
one section of the Ericht dam of the Grampian water-power schem 

The works described in the Paper showed that the design o: 
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ams was a long way from becoming the subject of a British Standard Mr. Halcrow. 
pecification. 

Dr. W. L. LowE-Brown mentioned that Professor C. F. Jenkin, Dr. 
eferring to the Hildon dam,! had explained its failure as being o*e Sams 
ue to lack of shear strength of the foundation. 

«*, Mr. A. L. Bett observed that Papers such as the present one Mr. Bell. 
yhich gave intelligent descriptions of failures were perhaps the most 
raluable of all. 

He thought it desirable to point out that the formula (p. 126) for 
he intensity of horizontal pressure at any depth h, 


p = wh tan? Ursin \ a tt fice yas 
4 2 4 2 


ad been devised to give the pressure exerted by an indefinitely large 
rea of clay, that being the condition prevailing at Rosyth. How 
ar that formula could be trusted to give the pressure arising in a 
vall of clay ranging in thickness from 27 to 37 feet he had not con- 
idered. The value of the angle « also depended upon the scales used 
n the horizontal and vertical axes of the diagram upon which 
he results of shearing tests were plotted. In his own diagrams he 
ad used identical scales of tons per square foot for both axes. The 
\uthor, he noted from Fig. 10 (p. 126), had used unequal scales for 
hose axes. 

- When what he had termed the critical depth in a mass of clay was 
eached, the clay began to flow. He did not believe that the lateral 
wressure exerted by clay ever equalled that of a liquid of equal weight 
er cubic foot, though under very great pressure there would doubt- 
ess be a close approximation to that condition. A true fluid was 
neapable of offering any permanent resistance to internal shear, but, 
n his view, clay never reached that condition. There was in it, he 
hought, a capacity for resistance to shear which, under pressure, 
hough it might be overborne, was not wholly eliminated. If that 
vere true it followed that the lateral pressure of clay would always, 
o some extent, fall short of that exerted by a true liquid of equal 
lensity. 

He had once had an opportunity of observing, on works in progress, 
iow very slowly clay flowed when the critical depth had been slightly 
xceeded. A monolith had been sunk to a depth of about 85 feet 
yelow Ordnance datum. The cutting edge on one side had encoun- 


_4*, This and the following contributions were submitted in 
writing —Sxc. Inst. C.E. 
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however, there was a relatively small area of clay of a ater 
character and without stones. It was firm enough to support a mar 
walking over it, but was not as hard as boulder-clay. He g 
instructions for that small patch to be dug out in order to expose 
poulder-clay which, it was presumed, lay below it. That was d 
to a depth of several feet without reaching boulder-clay. To 
surprise he found that, on resuming work next day (or after a we 
end) the excavation in this small area had filled up again. 
several attempts, each giving the same result, the effort to reach 
firmer bottom was abandoned. The rate of flow was so slow that: 
could not be perceived by the eye. The intensity of the minimui 
downward pressure required to stop that upward flow was, according 


to the theory advanced by him, 
p = wH tant (; -§) — 2k tan’ (7-5) — 2k tan (G3 


a) 
5) 

He noted that the failure at Eildon was attributed to the sliding, 
upstream, of the clay along its base. That might be the case, bu 
there was the possibility that the initial failure had taken place im 
the virgin material upon which the dam and clay bank had beer 
founded. . . 4 

The decision to secure impermeability by heaping clay agains\ 
the upstream side of the corewall was perhaps natural, thoug 
unfortunate as matters turned out. It was, of course, easy to be wi 
after the event. Perhaps a better plan in future cases would be t 
use clay imprisoned between two parallel corewalls sufficiently 
bonded together. i 

Mr. W. A. Eversuep observed that the subsidence w 
somewhat similar to a slip towards the water which he understoot 
had occurred at Waghad dam, an earthen dam near Nasik, Bomba 
Presidency, about 1915. The soil concerned was black cotton sol 
or a mixture of black soil and murram, and the slip was caused b 
its own superincumbent weight. Black soil was largely clay, ant 
was never allowed to be used in earthen dams or canal-banks f 
the purpose of watertightness without an admixture of mura 
(the proportions being ascertained by experiment) owing to th 
shrinkage and cracking of black cotton soil when alternatively w 
and dry. Again, in subsoil-drainage works in the irrigated a 
of the Deccan, clayey subsoils had been found in places to” 
become deflocculated in the presence of excess water, esp 
where sodium salts predominated, the liquid mud so formed ¢ 
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reat difficulty in the excavation of open trenches and the laying Mr. Evershed. 
f pipe drains. Research in the soil-physical laboratories of the 

pecial Irrigation Division indicated that the most satisfactory 

aethod of dealing with the mud was to flocculate it by forcing a 

olution of calcium chloride into the soil round about the drain to 

e made. It appeared, therefore, that where soil or clay was to 

ndergo stress in direct contact with water—especially where alter- 

ating with a dry state—the material to be used should be subjected 

o analysis and research by an expert in soil-physics in collaboration 

vith the engineers. 

It would be interesting to know whether any models of the Kildon 
pillway and gate-openings had been made to ascertain the dis- 
harge-formulas, and, if so, how the results obtained compared 
vith those given in the Paper. In his opinion it was only possible 
o gauge large discharges accurately either after experiments with 
nodels to ascertain the discharge-formulas, or by means of specially- 
muilt measuring devices such as standing-wave flumes, carefully 
lesigned for'the particular circumstances. In the Special Irrigation 
Jivision at Poona, India, a model of the sluice-gates of a large 
nasonry dam impounding irrigation-water was made, and the 
esults differed considerably from those given by the theoretical 
ormula previously used. 

Sir Henry Japp observed that the slip appeared to be due to Sir Henry 
hear failure in the foundation-clay. Such failures were attracting 7°? 
nore and more attention, and had been studied in great detail by 
Ir. K. Terzaghi, who had based his investigation on observations 
f actual slides of banks of cohesive earth. He had pointed out 
hat such slides never took place along planes but always along 
ylindrical surfaces. There had been several cases in England 
ecently, which were being investigated by Dr. R. E. Stradling and 
is staff at the Building Research Station, Watford. It might be 
juestioned why the Eildon bank did not slip until the level of the 
vater was greatly reduced. According to the above theory it 
eemed that slips of that nature occurred when the shear-strength 
f the clay, which varied inversely with its moisture-content, was 
10 longer able to bear the weight of the bank. The 15-foot bed of 
Jay on which the Eildon reservoir bank rested had probably very 
ittle moisture-content while the trench for the corewall was being 
unk. After the reservoir was filled, however, that clay would 
ommence taking up moisture very slowly from the overlying water. 
Mt some period, as the moisture-content increased, the shear-strength 
rould be reduced to a point where the factor of safety became very 
mall. When the water-level was then lowered by 46-5 feet the 
lay and rubble bank remaining above water-level increased in. 
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weight, and the increased load combined with the reduced shear~ 
strength resulted in the clay under the bank giving way along 
cylindrical surface of cleavage. 
Mr. H. G. Luoyp observed that he understood that the price 
cement at the Eildon works was 7s. per bag. In view of the fi 
that the 112-Ib. bag had not yet been fully accepted in England, it 
would be useful to know what the weight of cement was in the bag 
used. 


«*x The Author’s reply to the Discussion, together with the 
Correspondence, will be published in the Institution Journal for 
October, 1938.—Sxc. Inst. C.E. 
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SYDNEY BRYAN DONKIN, President, in the Chair. 
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Associate Members. 
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g The following Paper was presented for discussion, and, on the 
motion of the President, the thanks of The Institution were accorded 


to the Author. 


4. 
- 


‘ 


#3 es ee 
910 GIBSON ON THE EFFECT OF BRIDGE-PIERS AND bias 


Paper No. 5110. 


“An Experimental Investigation of the Effect of Bridge- 
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INTRODUCTION. 


Any proposal to erect bridge-piers, or works in any way restricting 
the waterway of a tidal estuary, is usually opposed by port authorities 
interested in the navigation of the estuary, not only on the grounds 
that such obstructions will increase the difficulties of navigation, but 
also because they will affect the flow of water into and out of the upper 
estuary. It has been generally considered that any constriction in 
the waterway must reduce the volume of water entering and leaving 
the upper estuary, and all authorities are agreed that any very 
appreciable reduction in the volume of flow would be likely to affect 
adversely the navigable channels up- and downstream. In the past 
no data have been available as to the probable magnitude of the effect 
of such obstructions in any particular case, and in view of proposals 
in recent years to build bridges across certain estuaries in Great 
Britain, the Author thought it might be of interest to attempt to 
measure the effect of obstructions of different magnitudes in a mode et 
of one of the estuaries concerned. 


Previous TEsts. _ 
Hapervments on a Model of the Severn Estuary. 


Some few years ago a model of the Severn estuary, to ah 
scale of 1 : 8,500 and a vertical scale of 1 : 200, was ( 


. 


ite 


OBSTRUCTIONS ON TIDAL LEVELS IN AN ESTUARY. 211 


operated for the Severn Barrage Committee in the engineering 
laboratory of Manchester University. In the course of the 
experiments the effect of various designs of barrage was investi- 
gated. ‘These were founded on the English Stones, a rock plateau 
about 5 miles upstream from Avonmouth. In each design water, on 
the flood tide, passes into the estuary between a series of sluice- 
gate piers, and afterwards passes between the piers of a rail-and-road 
viaduct. The obstruction of the waterway at high water varied in 
the different schemes from 63-6 per cent. of the cross section as a 
minimum to 82:8 per cent. as a maximum. 

The effect of these obstructions on the level of high-water spring 
tides in the upper estuary at Beachley, immediately above the 
barrage, and at the upper extremity of the estuary, at Gloucester, ° 
was observed in the course of the investigation. After making slight 
adjustments for the differences of low water in the tidal basin in the 
different experiments, the figures are as follows :— 


ne LUE 


Lowering of high-water spring-tide level: inches. 
Obstruction: per cent. of 
cross section of waterway. 
Beachley. Gloucester. 

63-6 8-4 16-0 

66:8 10:8 22°8 

74:6 14-4 33°6 

82-8 31:0. 44-4 


} a ——_———————————————————— O 


On plotting these figures on a base representing the percentage 


obstruction of waterway, it appears that the effect falls off very 


‘rapidly as the obstruction is diminished ; owing, however, to the fact 
that the smallest of these obstructions is so large, the extrapolation 


of this curve to give values for small obstructions is too speculative. 


| Experiments on a Model of the Dee Estuary. 


In 1931 a model incorporating the estuaries of the Dee and Mersey 


_ and a considerable area of Liverpool Bay was constructed, and was 
operated in the engineering laboratory of Manchester University. 


Ah 2 


- This had a horizontal-scale ratio of 1 : 7,040, and a vertical-scale ratio 
Poe 12192. 


In the course of the investigation, the effect of a suggested embank- 
ment.and bridge across the mouth of the estuary of the Dee between 


- Point of Air and Hilbre Point was examined. The line of the pro- 


posed work is shown in Fig. 1 (p. 212). It was to consist of two solid — 
embankments connected by a central bridge having thirteen spans, — 


with piers each 28 feet wide at 330-foot centres. The width of the 
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estuary at this site is 5-25 miles and the area of the cross section at 
high-water spring tide is approximately 950,000 square feet. The 
width of the waterway between the proposed piers is 3,940 feet, and 
the obstruction of the cross-sectional area of the estuary at high 
water caused by the work is 74 per cent. 

Tide-curves were taken in the model at points corresponding to 
Llanerchymor, Heswall, Pentre, and Connah’s Quay, before and after 
the introduction of the bridge and embankment, the tidal range at 
spring tides in each case being 31-9 feet at Liverpool. The curves 
taken immediately after the introduction of the obstruction, before 
any substantial change had taken place in the channels of the upper 
estuary, showed that the mean level of high water had been lowered 

‘by 1-2 foot and the mean level of low water had been raised 0-6 foot. 


Fig. 1. 
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This lowering of the mean high-water level compares with the figure 
of approximately 2-0 feet in the Severn with the same percentage 


o- 


obstruction. Since the spring-tide range at the obstruction is 29 feet — 


in the Dee and 41 feet in the Severn, the ratio of the changes in high- 
water level is of the same order as that of the tidal ranges. As the 
new configuration of the estuary developed under the influence of the 
altered conditions, the level of high water gradually increased, until 
after a time corresponding to 40 years of tides, when the estuary had 
become stabilized, the mean level of high water was 0-4 foot higher 
than before the introduction of the obstruction, while the level of 
low water was 0-3 foot higher. Under these conditions the scour at 
the bridge had increased the area of waterway until the percentage 
obstruction at H.W. amounted to approximately 66 per cent. of the 
cross section of the original waterway. 
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4 Observation showed that the time of high water at spring tide in 

he estuary is later with the embankment in existence, there being a 
_ delay of 37 minutes at Heswall, 59 minutes at Pentre, and 67 minutes 
at Connah’s Quay. At neap tides observation showed that the mean 
_ high-water level was 0-2 foot higher with than without the embank- 
_ ment, while the low-water level was not appreciably altered. At the 
time these latter results were looked upon as being somewhat 
_ anomalous, but as it became necessary to remove the model, the 
-matter was not pursued further. 


EXPERIMENTS ON A SMALL MopeEL oF THE SEVERN Estuary. 


sy When, recently, the present investigation was begun, neither the 
Dee model nor the original large model of the Severn was available, 
4 he latter having been dismantled some years previously. A very 


Fig. 2. 
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small model of the Severn, which had been constructed with a view to 
demonstrating the general working of such models rather than for 
_ experimental work, was, however, available, and it was decided to 
explore its possibilities. The model is shown in Fig. 2, and includes 
the estuary from Gloucester to a point 14 miles seaward of Avon- 
mouth. The horizontal-scale ratio is 1: 40,000, the vertical-scale 
‘ratio is 1: 366, and the time-scale ratio is 1: 2,090. The overall 
length of the model is 6 feet. : 

The method of visual observation of the water-levels against 
duated tide-gauges, which had been used to obtain tidal data in 
larger model with its larger and slower tides, was useless for the 
ose of obtaining sufficiently accurate measurements, but it was 
d that by using a micrometer depth-gauge with a needle-point 
nsion, and by observing through a magnifying lens, changes in’ 
vel of high water amounting to 0-001 inch, corresponding to 5 


ee 


|) ae 


we id, 
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0-4 inch in nature, could readily be measured, while changes of one- 
half of this magnitude could be detected. : 

In order to check the accuracy of the model in reproducing the 
tidal phenomena in the open estuary, observations of the levels of 
high water and of the tidal range at spring tides were made at a series 
of points, The range of normal spring tides at Avonmouth is 40-4 
feet, corresponding to 1-33 inch in the model. The mechanism was 
set to give the correct high-water level and range at Avonmouth, 
and the values obtained after some adjustments are shown in the 
following Table, together with the corresponding figures for the estuary 
given by the Admiralty and appearing in the Appendix to the Report 
of the Sub-Committee of the Severn Barrage Committee.t 


| f 
: Avon- Severn Frami- | Glouces- 
mouth. | Beachley.) Bridge. | lode. 


Level of high-water | Model 22:5 23-2 25-4 26-9 
spring tides: feet 
above O.D. Estuary | 22-5 23-4 25-5 27-0 


Range: feet 


As a further check on the accuracy of the model, a series of float 
observations was made, in which floats were released at the seaward 
end of the Shoots at the beginning of a spring flood tide. Observa- 
tions by the Admiralty, recorded in the Report of the Severn Barrage 
Committee, show that such floats travelled upstream to Framilode, 
a distance of some 33 miles, the time being 5 hours 52 minutes. In > 
the model the floats travelled to within 4 inch of the corresponding 
point and the mean time was 10-0 seconds, corresponding to 5 hours ~ 
48 minutes in nature. Further observations showed that a float 
released at Framilode at high-water spring tides travels downstream 
to Severn Bridge in 6-60 seconds, corresponding to 3 hours 50 minutes 
in nature. Corresponding Admiralty observations in the estuary 
gave a time of 3 hours 54 minutes. pe 

The general effect on the tidal phenomena of the natural obstruc- 
tions and resistances in the estuary is so closely reproduced in the 
model as to justify the conclusion that the effect of any added 
artificial obstruction and resistance will be equally well reproduced. 

Following this calibration of the model a series of obstructions, of 
the nature of bridge-piers, was placed across the English Stones, ina 
line parallel to and about 500 feet seaward of the line of the Severn’ 


os hake by H.M. Stationery Office. Publication No. 63-78-1, p- 21. 
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i tunnel, This is the site originally chosen for the suggested Severn 
2 bridge. Here the tidal range at springs is approximately 41 feet, 
_ high-water level being +-22-5 O.D. The average level of the English 
~ Stones at the site is —7-5 O.D. The cross section is approximately 


ee 


as shown in Fig..3. The Stones are uncovered for about 2 hours on 
either side of low-water springs, and the last of the ebb discharge 


ss takes place through the narrow rock gorge called the Shoots. The 
~ cross-sectional area at high water is some 460,000 square feet, and 


the area of the estuary at high water, above the line of the proposed 
bridge, is 34:8 square miles. 

The obstruction offered by the piers of the proposed bridge was 
8 per cent. of the cross section at high water, but experiments were 
carried out in the model with obstructions ranging up to 60 per cent. 


~ of the cross section. The smaller obstructions—those up to 20 per 
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‘cent.—consisted of a series of equally-spaced bridge-piers of elliptical 
section, with the longer axis approximately 3 times the shorter. ‘The 
larger obstructions were pier-shaped masses placed on the English 


Stones in the line of the proposed bridge. 
In each case measurements were made of the levels of high and 


low water at Avonmouth, Beachley, off Frampton, and at Gloucester, 


and of the times of high water at Avonmouth, Beachley and 


Gloucester, with and without the obstruction in position. 
The main results of the observations are shown in the Table on 


4 p. 216 and in Fig. 4 (p. 216), which also shows the results of the tests — 


on the Severn Barrage model. 
In this Table, positive values represent an increase in the level 


q of high water. 


The experiments showed the unexpected result that for obstruc- 


. tions of less than 35 per cent. the level of high water everywhere 
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‘ 
' 
at TETTTTT [EET nEREEIEEEEEEEEEEEEEEEEEEEnn 


igh-wat i Del time of high-water 

omtrgien| eh ere igmtenene | Diy Ie 
LL ( perieats eS : 

age of 7 : z ’ 

eros section. | AVOR- | egeniey. | PramD~ | Clouees-| Avon” Ipeachley.| Slguce 
75 Small Small. +0-4 +0-6 0-4 1-6 1:0 
10-0 Small Small. +0-6 -+0-9 0-6 2-0 1-2 
15-0 —0:3 +0-2 +15 +2-5 1-1 3:3 2-0 
20-0 —0-5 +0:3 +33 +5-0 2-0 5-5 2-9 
25-0 —0-6 +0-6 +6-0 +7:8 3-0 8-3 4:2 
30-0 —0-7 +0-5 +85 | +10-6 4-0 12-0 6-2 
35-0 —0-6 0-0 | +10-1 | +12-2 6-0 17:3 8-4 
40-0 —0:5 —1-:0 | +105 | +12-4 8-0 23-4 11-2 
50-0 0-0 —3-5 +70 | + 9-5 14-5 40-0 18-3 
60-0 —1-0 —7:5 —75 —7-0 20-6 59-0 28-1 


CHANGE IN HIGH-WATER LEVEL: INCHES. 


INCHES. 


LEVEL: 


CHANGE IN LOW-WATER 
fe} 


20 30 40 50 60 7o 80 
Sueteuenen OF WATERWAY: PERCENTAGE OF CROSS SECTION. 


Errrct or Opsrructions AT THE EncuisH Sronzs On THE LEVELS 
or HicH- and Low-Warmr Sprina Tipzs. 


upstream is higher with than without the obstruction. The effect is 
greatest at the upper end of the estuary, where it is a maximum 
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(12-4 inches) with a 40-per-cent. obstruction. The downstream high- 
water level at Avonmouth is only very slightly changed with obstruc- 
tions less than 50 per cent., and is increased with greater obstructions. 
The effect on the level of low water is very small. At Avonmouth it 
is lowered slightly with obstructions of up to 50 per cent., while at 
Beachley, above the obstruction, it is lowered slightly with small 
obstructions, and higher up the estuary at Frampton and Gloucester 

_ the effect is negligible. 

In view of the nature of the results it was decided to repeat the 
experiments with piers at another section of the estuary, and these 

_ were installed along a line between Beachley and Aust Cliff. At this 
site, which is about 2} miles above the English Stones, the width of 
the channel is reduced to 1 mile. The area of the waterway at high 
water is about 230,000 square feet. The area of the upstream estuary 
is 28-3 square miles at high water and the volume passing at spring 
tides is some 18,500 million cubic feet, or 75 per cent. of that passing 
the English Stones, so that mean velocities are some 50 per cent. 
greater than at the latter site. The Beachley site differs from the 
English Stones in that as the piers are founded in the bed of the 
channel their effect is felt down to low water. Also, whereas at the 
Stones the piers rest on a rock plateau, so that the question of erosion 
of the bottom or movement of sandbanks in the vicinity does not 
arise, there are sandbanks at the Beachley site. To prevent complica- 
tions due to any erosion of the bed altering the cross-sectional area, it 
was stabilized for the purpose of these experiments by a light wash of 
weak cement. 

The results of these tests are given in the Table on p. 218 and in 
Fig. 5, p. 219. 
The general results are of the same kind as in the previous experi- 
ments. The maximum effect, at Gloucester and Frampton, is some- 
what greater and is attained with a greater obstruction—about 
50 per cent. With this the high-water level is raised 14-6 inches at 
Gloucester, 12-0 inches at Frampton, and 1:5 inch at Beachley. 
Low-water level at Beachley is raised 3-0 inches, at Avonmouth it is 
lowered 0-6 inch, while at Frampton and Gloucester it is not 
appreciably altered. 
Tt was next decided to attempt to obtain tide-curves for the estuary, 
both without any obstruction and with this 50-per-cent. obstruction. 

No difficulty was experienced in obtaining a series of points on the 
flood-tide curve. The needle of the micrometer having been adjusted 
to some predetermined level between high and low water, the instant 
at which the rising tide reached this was recorded by chronometer, 
the datum time being fixed by the instant at which a point on the ~ 

driving disc of the tidal mechanism passed a given mark. The 
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mean of a series of four observations at each height was found to 


give a value which could be repeated without difficulty. More 


- difficulty was experienced on the ebb tide owing to the formation of 
a meniscus which clung to the gauge-point. The method finally 


adopted was to observe the times at which the meniscus broke away 
from the point. Observation showed that when the point was raised 
from below the surface of still water the meniscus broke away when 


Fig. 5. 
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the point was 0-025 inch above the level of the surface, and in plotting 
the tide-curves each observed level on the ebb has been lowered by 
this amount. This correction renders the ebb-curves less reliable 
than the flood-curves. Any error involved will, however, be sensibly 
the same for corresponding observations with and without the 
obstruction in position, and the relative values should not be affected. 

In the experiments tide-curves were obtained at Avonmouth, 
Beachley (about } mile above and below the obstruction), Sharpness, 


4 and Gloucester. These are shown in Figs. 6 (pp. 220-1), on a scale 


Figs. 6. 
(a) 
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representing corresponding tidal levels and times in the actus al 
estuary. At Avonmouth the two curves are almost identical. 
Below Beachley the effect of the obstruction is mainly felt on the 
flood tide, which rises relatively more quickly when the estuary is’ 
obstructed. Above Beachley and at Sharpness the effect is much 
greater, and there is a definite lag which becomes most pronounced 
during the latter half of the flood tide. 

At first sight the fact that the introduction of an obstruction, with 
the additional resistance which it causes, is accompanied by an in- 
crease in the tidal range and in the volume of water entering the upper 
estuary would appear to involve a violation of laws of the conserva- 
tion of energy. An analysis of the tide-curves, however, shows that 
this is not the case. If the surface-levels at any tide-gauge station 
are measured at equal intervals of time, and if the heights above low- 
water level are measured at the middle of each interval, the sum of 
the products of the height and the rise in level during any interval is" 
a measure of the potential energy per unit of surface-area at that 
station. The sum of such products from low water to high water is 
a measure of the energy of the flood tide, and that from high water to 
low water is a measure of the energy of the ebb tide. 

If the tide-curves obtained with and without the 50-per-cent. 
obstruction at Beachley are analysed in this way, the following 
results are obtained :— 2 


| 


Potential energy per square foot of surface- 
area: ft.-Ib. 


Site. Flood tide. Ebb tide. 


With 50-per- | With 50-per- 


Normal. cent. ob- Normal. — cent. ob- 
struction. struction. 


Avonmouth . . . . | 55,600 55,600 53,300 53,300 > 
Below Beachley . . . | 55,400 55,000 | 54,000 53,500 
Above Beachley . . . | 54,500 §2,000 53,200 51,700 
Sharpness. . . . . | 30,300 29,500 27,400 | 26,900 


The figures give the energy in foot-lb. per square foot of surface- 
area in the estuary at the section in question. Taking the flood-tide © 
observations as being the more reliable, they show that the tida 

energy of a flood tide in the upper estuary is reduced by about 4 per 
cent. by the introduction of the obstruction, the effect being less at 


Sharpness than lower down the estuary at Beachley. a 
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Trsts on A MopEL OF A SYMMETRICAL TrDAL Estuary. 


It was next decided to carry out similar tests on another form of 

_ estuary in order to ascertain whether or not the phenomenon just 

_ described is due to the peculiar conformation of the Severn estuary, 

and a model was constructed of a symmetrical tidal estuary of the 

dimensions and proportions shown in Fig. 7. This was made of 


Fig. 7. 
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_ galvanized iron with a smooth and level bed. A series of obstructions 
was placed at a point 40 inches from the top of the estuary, where the 
width is 6inches. The effect on the level of high water at the top of 

the estuary is as follows :— 


nnn EEE ST 
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waterway : py, a n 
percentage of 20 30 40 50 - 
cross section. 


; Change in 
level at top 
of estuary ; 


(actual) : 


inch . . |+-0-0025} +0-0050) +0-0105 +0-0210] +-0-0340} +-0-0260| +-0-0040 


Severn model, the maximum effect on the high-water level is 
equivalent to an increase of 12-4 inches. This maximum effect is 
obtained with a 60-per-cent. obstruction. Tide-curves were taken 
with and without this obstruction in place at the following points 
_ (Fig. 7): below the obstruction (A); atthe upper end of the estuary — 
_ (D); and half-way between the obstruction and the upper end (C). 
‘These tide-curves are shown in Figs. 8, p. 224. oa 
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‘ ; The observations show the following results :— 


ae oa: Relative levels with 60- 
Range of tide : inch. a. obstruction 
Site. 

Without With High Low 

obstruction. obstruction. water. water. 

Seaward end of estuary . 0-976 0-976 0-00 0:00 
Just below obstruction . 1-060 1-060 —0-003 —0-003 
Just above obstruction . 1-070 1:069 0-0 +0-001 

__ Half-way between obstruc- 

tion and top of estuary 1-108 1-115 +0:012 +0-005 
Top ofestuary . - - 1-180 1-204 --0:034 +0-010 


Ac» © an, ae 
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This model differs essentially from that of the Severn in having a 
level bed, with the result that the range of tide is greatest at the 
upper end of the estuary. The results of an obstruction are, how- 
ever, of the same general kind. An analysis of the tide-curves gives 
the following results, the units being arbitrary : 


Tidal energy per unit area. 


Site. Flood. Ebb. 
Without With Without With 
obstruction. obstruction. obstruction. obstruction. 
Below obstruction . 57-4 57-4 56-2 55:7 
Just above obstruc- 
TCT) ces tics) hic sade 54:0 51:8 52:9 51-4 
Half-way along tidal 
basin™ 2 see 65-1 64:0 62-5 62:0 
Atupperend . . 66-0 65-2 63-9 63-4 


Be 8 


In this case the mean energy of a flood tide is approximately 2-5 per 
cent. less with the obstruction than without it. 

In these experiments the depth of water at high water was 2°35 
snches at the seaward end and 2-47 inches at the top of the estuary. 
With the same depth of water, but with the bottom covered with a 
layer of sand of medium coarseness, the effect of the obstruction was 
greater, the level of high water at the top of the estuary being raised 
by the equivalent of 13-7 inches as compared with the equivalent rise 
of 12:4 inches with the smooth bottom. : 

With a sloping sandy bottom, and with the same depth of water at 


the seaward end and a depth of 1-5 inch at the top of the estuary, the 


same obstruction raised the level of high water at the top of the 
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estuary by the equivalent of 14-6 inches. When the general level o: 


the water was lowered 0-25 inch, the obstruction raised the level of 
high water by the equivalent of 16:4 inches. 


FuRTHER EXPERIMENTS ON THE SEVERN MODEL. 


A further series of tests was next carried out on the Severn model 
with various modifications. 
In the first of these, a 20-per-cent. obstruction was placed on the 
English Stones, together with a 30-per-cent. obstruction at the _ 
Beachley site. The effect of this combination was to increase the © 
high-water level at Beachley by 1-3 inch, that at Frampton by 10-6 
inches, and that at Gloucester by 14-5 imches. With the 30-per-cent. 
obstruction at Beachley alone, these figures were respectively 1-0 inch, 
8-0 inches and 10:5 inches, while with the 20-per-cent. obstruction at 
the English Stones they were 0:5 inch, 3-4 inches and 5-0 inches, so _ 
that the effect of this particular combination was approximately — 
equal to the sum of the effects of its components. : 
In a second experiment the estuary was blocked at Hock Cliff, — 
cutting off the 20 miles of river channel between this point and 
Gloucester. With a 50-per-cent. obstruction at Beachley the high- 
water level just above Beachley was 4-4 inches higher than without 
the obstruction, while at Frampton the high-water level was raised 
4-8inches. These figures compare with 1:5 inch and 12-0 inches when 
the estuary is open to Gloucester. 4 
The effect of removing the Beachley peninsula was tried in a third 
experiment. This increases the area of the waterway at Beachley 
by 60 per cent. As a result the level of high water was lowered at all _ 
points in the upper estuary, by 1-2 inch at Beachley, by 5:5 inches at _ 
Frampton, and by 6-6 inches at Gloucester, while the level of low 
water at Beachley was very slightly lowered. In this estuary (that 
is, without the Beachley peninsula), the maximum increase in the 
level of high water upstream, due to an obstruction at Beachley, is 
produced by an obstruction equivalent to the peninsula plus 50 per 
cent. of the original waterway, which together are equivalent to 
70 per cent. of the enlarged waterway. This obstruction raises the 
high-water level at Gloucester by 21-2 inches, that at Frampton by | 
17-5 inches, and that at Beachley by 2:8 inches. 
In a fourth experiment, the estuary was restored to its normal 
condition, and the effect of reducing the area of the waterway at. 
Sharpness was examined. Here all reductions of area amounting to 
less than 25 per cent. slightly increased the level of high water at 
Gloucester. With a 25-per-cent. obstruction the level was the same 
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as without the obstruction. With a 50-per-cent. obstruction the 


high-water level at Gloucester was lowered by 1-5 inch. 


In a fifth experiment, the speed of the tidal gearing was reduced so 


as to give a tidal period of 40-80 seconds instead of 21-15 seconds. 


This naturally changed the tidal characteristics and reduced the level 
of high water at all points above Avonmouth. Under these condi- 
tions a 50-per-cent. obstruction at Beachley raised the high-water 
level at Frampton by 2:9 inches and that at Gloucester by 3:8 inches. 
These figures compare with 12-0 inches and 14-6 inches with the 
normal tidal period. The squares of the tidal periods are in the ratio 


3-7 to 1, so that the ratio of the effects is approximately the same as 


that of the inverse square of the periods and therefore of the velocities. 
A similar experiment with a 40-per-cent. obstruction at the English 
Stones showed that this raised the high-water level at Frampton by 
9-4 inches, as compared with a rise of 10-5 inches with the normal 
tidal period. Here again the ratio is approximately the same. 


Discussion OF RESULTS. 


The results observed in these various experiments would appear to 
be due to partial resonance. 

The mass of water in the upper estuary forms a system which, if 
suddenly isolated, would surge to and fro until it attained its equili- 
prium level. The period of this surge is less than the tidal period. 
This is acted upon by a periodic force—the tidal impulse—whose 
magnitude varies with time, approximately according to a cosine 
law. The motion is opposed by various hydraulic resistances, and 
the resultant tidal phenomena in the upper estuary are largely 


governed by the interaction of these forces. 


The question is too complex for mathematical analysis, but some 


_ light on the problem may be obtained by considering the analogy of a 


solid system capable of natural vibration, acted upon by a periodic 
force obeying a cosine law, and having its motion resisted by a 


~ frictional force. If this latter force is proportional to the velocity the 


LJ a LS 


problem is capable of mathematical solution. 
The equation of motion becomes of the form 


«i sep + Sa = Q cos at, 
where w denotes the weight of the vibrating body, 
g af acceleration due to gravity, 
oe ae displacement of the vibrating body, 
t a time, : 
pe i frictional coefficient, 
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S denotes the elastic restoring force when the displacement x ~ 


is unity, 
Drees; period of the applied force, 
and Q 3 maximum value of the applied force ; 
dx dx 
— — = q cos at, 
— dt? T Pat tS are 


where 277/f denotes the period of the natural oscillation ; 
and q is a constant. 

The ultimate displacement x from the equilibrium position a 
time ¢ is then given by 


q 
r= Vif2 — a2) p adpe cos (at + y), 


where y denotes tan-1 sie 


3) and is the difference of phase between 


the vibration of the body and that of the applied force. 
The semi-amplitude of the resultant vibration is 


q 


With a given applied force, and with a system in which the natural 
period of vibration is independent of the frictional resistance, any 
increase in this resistance would reduce the amplitude, but if the 
increase in frictional resistance increased the time of natural vibration 
(that is to say, if it reduced /), the amplitude might be either increased 
or reduced, depending on the relative values of f, «, and p. 

The state of affairs in the actual problem naturally differs in 
important respects from that of this elastic vibrating system. The 
natural vibration of the estuarine column does not consist of a simple 
single surge from end to end, but is very complex, and its period 
varies somewhat at different points in the estuary ; nor is the lag, or 
difference of phase between the tidal oscillation in the upper estuary 
and that in the lower estuary, the same at all points, or indeed the 
same at high water as at low water, 

Also, in the estuary and model the resistance is proportional to v, 
where m is approximately equal to 2, instead of being proportional 
tov. Insucha case, however, experience on other problems involving 
surges (such as occur, for example, in the pipe-lines of hydraulic 
power-plants fitted with surge-tanks) shows that a close approxima- 
tion to the actual results may be obtained by assuming that the 
resistance is proportional to v, and by adopting a value for the 
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frictional coefficient which will make the calculated value of the mean 


friction over the given range of velocities equal to its true mean 


value. 
Observation shows that the introduction of an obstruction in the 
‘upper estuary increases the period of the natural oscillation in this 


_ part of the estuary, although that in the open estuary below Avon- 
‘mouth is almost unaltered. The following Table shows the period, 
in seconds, of this surge both in the normal estuary and with a 


50-per-cent. obstruction at Beachley :-— 
nnn 


Period of surge: seconds. 


Site. 
Normal estuary. | With. Scpercent 
At seaward end of models ee ete 6-65 6:65 
@eAvonmouth . . . - ++ > 6:58 6-60 
_ English Stones . - - + + > 6-32 6:58 
@epBeachley . . - « + + ° > 6-20 6-48 
Mecharpness. =. © ++ * 7° 6-12 6-40 


De Te 


The obstruction also causes a lag in the times of high and low 
water in the upper estuary, and thereby increases the difference of 


phase between the tidal oscillations above and below the obstruction. 


Now, although the analogy with the simple vibrating system should 


not be carried too far, the simple analysis does enable some sort of 


calculation to be made of what might be expected to be the relative 
effect of obstructions of different amounts on the tidal amplitudes, 


in terms of the observed mean lags and periods, provided that the 
effect is due to resonance. Thus the curves of Fig. 5 indicate that 


practically the same mean amplitude (tidal range) is obtained at 
points above Beachley with a 66-per-cent. obstruction at Beachley 
as when the estuary is open. Observation also shows that this 
obstruction causes a mean lag of 0-88 second in the time of the turn 


of the tide in the upper estuary, and since the time of a complete tide 


0:88 x 360 


1 js 21:15 seconds the equivalent phase-lag is AGE degrees 


= 15 degrees greater when the obstacle is in position. 
Observation also shows that the mean period of natural oscillation 
of the column in the upper estuary is 6°55 seconds when the obstruc- 


tion is.in position, and 6-16 seconds when it is removed. If the 


suffix o refers to the estuary without the obstruction, 
| Qn 


2ar Qar 
then aT _ 6-16, — =6-55, and — = 21-15, 
) ti if at 


; ; eS 
es 
aoe. ‘ = S ~ 
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- gre 
so that fy = 1:02, f = 0:96, and a = 0-297. nohaee 
Since the amplitude i is the same in each case, and since the value of 
4 ~ the applied force is the same in each, Be 


(f2 — o2)2 + o2p? = (f,2 — a2)? + alp,?. 2. 
Substituting the above values for /,, f, and « gives 
p2 — po = 2-42. . 
242 


2 
But p tbs ~ tan y, and py = . tan Yo; 


y 

‘whence p?—p,2= (= z =)" tan? y _ (a= =)" inne Yor 

which, on substituting the values of /,, f, and «, gives 
p? — poz = 7-89 tan? y — 10-30 tan? yp. 

But with a 66-per-cent. obstruction y — y, is 15 degrees and 

® p? — po” = 2-42, Te 

WESC 2-42 = 7-89 tan? (y, + 15 degrees) — 10-30 tan? y,. a 


The solution of this equation by trial and error gives yp = 19 
degrees 30 minutes, so that y = 34 degrees 30 minutes. . 


oy fin 
: From this p= os ie, == 1-93, 
« 


and Po ane tan y, = 1-145; re 
p and p, are measures of the resistance to flow with and without kas 7 
obstruction in position. They indicate that this obstruction i increases 
the overall resistance by 68 per cent. 

Considering now the case of a 50-per-cent. obstruction, if it is 
assumed that the resistance due to this is less than that of the 


66-per-cent. obstruction in the ratio of (5): this makes the nev - 


value of 


50 ; 
Pap’ Po = 0-785 = U*40l : 
Pp x (=) 0-451 ; 
but. Po = 1145 | 
whence ~ p = 1-596. : heels 


Observation shows that Y¥ —Y, now equals 9 degrees 15 | = 
and therefore y = 28 degrees 45 minutes, while the natural 


6-44 seconds so that f= a = 0: 976, and So a8. before is 1-0 


+. 


=. 

we 
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Er hen amplitude with obstruction __ “: (fo 2 — x2)? + a2 

; amplitude without obstruction (f2 — a2)? + a2p? 


= 1-027. 


A similar investigation for a 30-per-cent. obstruction, where 
Y —Yo = 8 degrees 30 minutes, the natural period is 6-28 seconds, 
and p = 1-306, makes the ratio of the amplitudes with and without 
the obstruction equal to 1-020. 

With a 75-per-cent. obstruction y — y, is 18 degrees 30 minutes, 


_ the natural period is 6-60 seconds, and the value of p is 2°165 ; making 
the calculated mean amplitude 3-2 per cent. less than without the 


obstruction. 

The relations between the observed effects of these obstructions on 
the amplitude and those calculated in this way from the observed 
lags and periodicities are shown in the following Table :— 


Effect on mean tidal range above obstruction : 


Obstruction : percentage pote ae 
of waterway. 
Observed. Calculated. 
30 +1:8 +2:-0° 
50 +2-4 42:7 
75 —3:5 —3°2 


pe ie SS 
CoNnCLUSIONS. 


The results indicate that an increased constriction in the waterway 


- of a tidal estuary does not necessarily involve a diminution in the 


-yolume entering and leaving the upper estuary per tide; on the 


contrary, in estuaries of the type and proportions examined, a 
constriction of section up to a certain point increases the level of 
high water at all points above the constriction and increases the 


volume entering and leaving. 


‘The effect of considerable percentage constrictions on the levels 


of high water and low water and on the tidal range is shown to be 
somewhat surprisingly small. Thus, in the case of the Severn estuary 
with an artificial obstruction at Beachley, the effect on the mean 


tidal range in the upper estuary at spring tides was less than 3 per 


cent. so long as the obstruction did not exceed 70 per cent. of the 


waterway. 


With such percentage obstruction as would be caused by the piers — 


of any normal bridge, the effect on the tidal levels and on the volume c 
- of flow is so extremely small that it is inconceivable that it could 


ee 


have any but a local effect on the tidal scour. Where, as in the cases: 
examined, such an obstruction increases the volume of flow, its 
effect, if any, should be beneficial rather than the reverse. 

The results would also appear to be of interest as indicating that, 
for such an investigation as that in question, where movement of 
bed-materials is not involved, a comparatively small-scale model is 
capable of giving results with a sufficiently high degree of accuracy. 
They also point to the danger of attempting to predict, without the 
use of a model, the probable effect of any modification in the case of 
such a complex system of forces and interactions as occurs in estuarine 
flow. 


ADDENDUM. 


Since the previous section of the Paper was written, the following 
additional evidence bearing on the question has become available. 


Experiments on a Small-Scale Model of the Estuary of the Dee. 


A model to a horizontal scale of 1 : 40,000 and a vertical scale of 
1 : 400 has been constructed of the estuary of the Dee. This includes 
a portion of Liverpool Bay extending 4-5 miles seaward of a line 
joining Point of Air and Hilbre. It differs from the larger model of 
the Dee, previously referred to, in that the latter also included the 
estuary of the Mersey and a much larger area of Liverpool Bay. 

Experiments on this smaller model show that an obstruction 
similar to that in the larger model, and obstructing 74 per cent. 
of the waterway, lowered the mean high-water level at spring tides 
by 1-0 foot, whilst a 66-per-cent. obstruction raised the high-water — 
level by 4 inches, results which are in agreement with those from > 
the larger model. An obstruction of 35 per cent. blocking up the 
Hilbre Swash on the northern side of the entrance increased the 
high-water level at Connah’s Quay by 8-0 inches, whilst an obstruc- 
tion of the same size blocking the entrance to the Mostyn Deep on 
the southern side of the entrance had no measurable effect on the 


level. The two obstructions together lowered high-water level by 
4-5 inches, . 


Experiments on a Large-Scale Model of the Estuary of the Dee. 


Experiments are at the moment in progress in the Author’s 
laboratory on a larger-scale model of the Dee to a horizontal scale of 
1: 5,000 and a vertical scale of 1 : 200. The effects of certain schemes : 
of double training walls below Connah’s Quay have been investigated. 
In one such scheme the reduction of the width between the walls 
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from 600 feet to 300 feet increased the high-water level at Connah’s 
~ Quay by 0-7 foot without affecting the level of low water. 


_ Experiments on a Model of the Estuary of the Humber. 


Some 7 years ago a model of the estuary of the Humber, extending 
from a point 2 miles seaward of Immingham to points on the Ouse 
and Trent about 20 miles above the junction of these rivers, was 


constructed in the Author’s laboratory for the purpose of investigat- 


ing the probable effect on tidal levels, currents, and on the conforma- 
tion of the bed, of the piers of a proposed bridge between Barton and 
 Hessle, about 6 miles above Hull. This bridge was to have sixteen 
piers, which would cause an obstruction of approximately 4:5 per 
cent. to the waterway at high water of spring tides. The model had 
a horizontal-scale ratio of 1 : 7,040 and a vertical-scale ratio of 
197. 

Experiments showed that the effect of the piers on the tidal levels 
was too small to be measured with any accuracy, and the same 
applied when the piers were widened so as to obstruct 8 per cent. of 
the waterway. 

At a later stage the effect of large obstructions at the bridge-site 
was investigated. In the first experiment the main span of the 
bridge, 924 feet in length, was entirely blocked ; following this an 
additional length of 760 feet on the south side of the main span was 
also blocked. These obstructions reduced the area of waterway at 

high water of spring tides by about 30 per cent. and 43 per cent. 

respectively. The effect of the 30-per-cent. obstruction was to reduce 
the high-water level at spring tides at Goole by approximately 0-1 
foot, and to raise low-water level by the same amount, the effect 
at points nearer the bridge becoming progressively less. With the 
43-per-cent. obstruction the high-water level at Goole was reduced 
by 0-3 foot, and the low-water level was raised by 0-2 foot. 

In this general connexion the following quotation from p. 181 

of “ Tidal Rivers,” by W. H. Wheeler, is of interest : 

“ At Shoreham, the widening and deepening of the harbour 
mouth resulted in depressing the rise of spring tides from 18 feet 
to 16 feet. At Newhaven also the works carried out for improving 
the entrance to the harbour, although causing the tide to be earlier, 


have made the rise 2 feet less than formerly.” 


The Paper is accompanied by eight sheets of drawings, from which 
the Figures in the text have been prepared, and by one photograph. 
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i 
Discussion. : | 
The AurHor exhibited a number of lantern-slides illustratimt 
his Paper, and demonstrated the operation of a tidal model. ] 
Mr. M. F.-G. Wiuson, Vice-President, remarked that his fi 
in conjunction with Sir John Griffith, Past-President Inst. C. 
had had to examine the Lower Severn in considerable detail son 
time ago, in connexion with a proposal to construct a barrage fi 
the development of water-power. The barrage was to have hb 
built either atthe English Stones or at Beachley; and Profe 
Gibson had been asked to study the effect of the barrage by mean 
of model-tests. Preference was given to the proposal to place the 
barrage at the English Stones, which consisted of large shelves 0: 
rock exposed at low water across almost the whole width of the 
river, and which it was intended to utilize for the foundations of 
barrage. Passing through those rocks was a deep water chant 
known as the Shoots, along whose eastern edge it was intended t 
construct a masonry dam containing seventy-two turbines having 
an aggregate output of over 1 million horse-power. Between the 
turbine-dam and the eastern or left shore there would have bee 
a series of sluices for the regulation of the river. The tide was» 
have been practically stopped at the barrage, only a comparati 
small proportion of the flow passing up and down through the slui 
Professor Gibson’s model of the river had worked with extraordina: 
accuracy, even the Severn Bore being exactly reproduced. Such 
models represented very accurately the flow of the water, and would 
give the direction and velocity of currents and the rise and fall of the 
tide with remarkable precision ; it should be realized, however, that 
they did not give accurate information regarding the actual quan 
tities of shoaling or scouring, though they might give a general ides 
of where such action would take place and whether it would be of ai 
extensive or slight nature. 
Mr. Ernest Laruam remarked that he had been interested te 
note that when Shoreham harbour-mouth had been widened an¢ 
deepened the high water at spring tides had failed by 2 feet to reack 
its old level. Whereas widening could obviously cause that effect, 
it had so far been his experience that deepening of any harbour 
mouth or estuary tended to amplify the tidal range and to raise the 
level of high tide. He would very much appreciate any comments 
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vel of about 5 feet! That ridiculous result had arisen because the Mr. Latham. 
ow passed through the model had been far too great in proportion. 

he difference of level in actual fact could not have exceeded 3 or 4 

iches. Had that model been produced in court, he did not know 

hether it would have convinced the court, or whether the experts 

n the other side would have soon demonstrated that the flow was 

mtirely disproportionate. 

‘Mr. Oscar ELspEN asked whether the tide-curves generated by Mr, Elsden. 
uch small models as that demonstrated by the Author were of the 

ame extraordinary standard of accuracy as those which the Author 

ad obtained on the larger-scale models referred to in the Paper. 

i the Author considered studying the results obtained by means 

f harmonic analysis ? 

It was not stated in the Paper whether the effect of fresh water 
lowing down the river had been studied, and he presumed that that 
actor had been suppressed. The effect of obstructions on flooding 
= however, one of the bigger implications of the most unexpected 
esults which the Author had produced, particularly in cases where 
, few inches might make all the difference. From some of the curves 
ven it appeared that an obstruction might hold up the high water 

o its original value for about an hour, which might have con- 
siderable effects. 

He noticed that the model results for the estuaries of the Dee and 
Severn, where the tidal ranges were fairly large, showed a rise of 
high water produced by an obstruction of the order of 1 foot, whereas 
in the case of the South Coast ports of Shoreham and Newhaven, 
where the tidal ranges were rather smaller, the removal of obstruc- 
tions brought about a fall of 2 feet in the high-water level. The 
model seemed to have minimized the effects caused by the obstruc- 
tions, and it would be interesting to know whether the Author 
considered that to be the case. 

Mr. N. G. Gepve remarked that, without wishing to depreciate Mr. Gedye. 
the value or usefulness of experiments on estuary-models, it was not 
too much to say that in recent years there had been exhibited in 
some quarters a tendency to place too much reliance on them. 
The unreliability of the results in certain respects was apparent 
from the experience obtained in connexion with several large models 
of the Mersey estuary, where the opportunities of comparing indica- 
s obtained from the model with the actual results in nature 
nt than with any other series of models. 


xperiment with the model, but any quantitative data so obtained 
to be used with great caution. For instance, the currents 
erated in the Mersey models at Liverpool reproduced almost 
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identically those actually found, and the models correctly reprod 
the general effect of training-walls in the estuary; they fa 
however, to give reliable quantitative indications of the effect 
scour in channels or the height of the banks formed. It would bi 
unwise to lose sight of that point. 

The necessary distortion of scale in estuary-models was only on 
of several factors which might impair the value of the results. * 
difference between the horizontal and vertical scales was bound 
be great, and the distortion of the scale between the sand used in th t 
model and the actual size of the sand or silt in nature was perhapt 
of equal consequence. The late Sir Frederick Palmer, Past-President 
Inst. C.E., in a discussion 7 years ago of a Paper on the Bombay 
model,1 had pointed out that the particles used in the model t 
represent the silt of the harbour were, according to the scale, roughh 
equivalent to boulders 3 feet in diameter. Sir Frederick had based 
his objection to scale models mainly on that argument, but Mr. Ged; 
thought that very few people who were qualified by experience anc 
knowledge to form an opinion would now take the view whiel 
Sir Frederick Palmer had then expressed as to the reliance to b 
placed on model experiments on estuaries. 

He believed that the Author’s original model of the Severn estuary} 
showed that the structure of the barrage proposed to be made at 
English Stones would result in the height of high water at spring 
tides being increased at Avonmouth by about 5 inches and ver 
slightly reduced at Beachley.2 The figures given by the Author iz 
the Table on p. 218 of the present Paper showed that according t 
the experiments made on the later model a 70-per-cent. obstructic 
of the waterway at English Stones would result in an increase i 
the height of spring tides at Avonmouth of about 1 inch, and 
depression at Beachley of about 3-5 inches, whereas with a 50-per 
cent. obstruction the conditions appeared to be reversed, the wate: 
level at Avonmouth being 1-2 inch lower and at Beachley 14 
inch higher than the levels under unobstructed conditions. Th 
Severn barrage was supposed to be a solid structure pierced b 
numerous sluiceways through which tidal water could be allowe 
to flow. Had the model been operated under the conditions o 
100-per-cent. obstruction, as with the sluices closed? In sue 
conditions, would the Author expect the high-water level below th 
barrage to be raised or lowered ? 

The unexpected results from the Severn model experiments giv: 
on pp. 215 and 216 were of very great interest, but the explanatio 
suggested by the Author of the observed phenomenon did not see 


1 Minutes of Proceedings Inst, C.E., vol. 232 (1930-81, Part 2), p. 82. 
* A. H. Gibson, ‘Construction and operation of a tidal model of the Sever 
Estuary,” p. 225, H.M. Stationery Office, London, 1933. i 
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0 be entirely conclusive, and it would be interesting to know whether Mr. Gedye. 
e had considered the effect on the experimental results of the dis- 
repancy between the time-scale of the model and the time of the 
idal flow in nature. He wondered whether the apparent eccentricity 
f the tidal levels of the model might not in some measure be due 
o the short time permissible in the model for the flow of water up 
he estuary. Probably the Author would reply that the model had 
een carefully calibrated before the introduction of the obstruction 
0 as to give a correct relation between the tidal levels in the model 
nd those in nature, but even then the introduction of obstructions 
f varying magnitude might possibly introduce some unknown factor 
fiecting the time-scale. 

Such criticism as he had made was not intended in any way to 
yelittle the value of the Paper. Despite the limitations that he had 
nentioned, it had now been recognized, he thought, by all harbour 
nd river engineers that model-experiments were an essential pre- 
iminary to any operations on a large scale that might affect the 
egime of a tidal river or estuary ; scale models were also becoming 
y recognized means for the preliminary study of improvement- 
works in non-tidal rivers. 

Mr. R. D. Gwyruer wished to refer to the distortion of scale in Mr. Gwyther. 
models. In the case of a barrage on the river Tigris, with which 
his own firm had been concerned, a number of model-tests had been 
sarried out to ascertain the effect of constructional operations on 
the bed of the river during flood. The model had a horizontal- 
scale ratio of 1 : 250, a vertical-scale ratio of 1 : 60, and a time-scale 
satio of 1:32. The distortion was approximately 4}, as against 
37 in the case of the Humber and Dee models and 42} in the case 
of the Severn estuary. ‘Those scales had been arrived at from 
practical considerations, one being to obtain turbulent flow at the 
correct proportional velocity, and another being to form the river- 
bed slopes in the model correctly without exceeding the angle of 
repose of the material. The actual side slope in the river-bed was 
generally not greater than 1: 4, and the sand of the river-bed would 
stand under water at a slope of 1:1, so that a distortion of 44 was 
reasonable. The model was approximately 42 feet long, roughly 
one-half of the length being occupied by stilling-pools and baffles 
for the supply of water, which was controlled so that the discharge 
was always correct for a given river-level. The bed in the model 
as made of river-sand and the banks of clay. 

A test was made of the model by moulding the river-bed to repre- 
sent conditions previous to a flood of the river Tigris in December, 
1936; the rise and fall of the river was then reproduced and the 
resulting changes in the river-bed measured. The agreement 
etween the changes shown by the model and the recorded changes 


a _ ~ 
. “ : ve Sa 


Mr. Gwyther, in the river-bed was remarkably close. During the experi 
was also confirmed that scour was caused by the increased velocit 
of flow which accompanied a rapid rise of the river, and it wa 
estimated that that increase in velocity amounted to about 40 pe 
cent. of the normal velocity of the river at the particular he 
That figure was of especial interest in cases when it was desired ti 
calculate discharges on a rapidly-rising river. | 
Several other experiments had been carried out on the model ; pomti 
of particular interest were that the model had been constructed at #] 
site of the works, that the results obtained from the model witho 
the facilities and refinements of the laboratory agreed very closel} 
with what was actually found to have taken place in the river, an 
that the model had:been initiated and operated by the contracto 
Dr. Chatley. Dr. Herpert CHaTLEy remarked that the results given in 
Paper were really startling. The problem as put by the Auth 
might be turned the other way round, with surprising effects ; fo: 
example, if an obstruction were removed from an estuary, ther 
instead of getting higher high waters and lower low waters (as al 
the old text-books and general experience would seem to show), 
reverse would occur. He had not the slightest doubt about tl 
accuracy of the Author’s results, and regarded the Paper as a me 
important contribution to river-engineering, because it showed tha 
there were certain dangers in the rules of thumb to which it was 8 
often necessary to work in ordinary practice. i 
The results given were so remarkable that some peculiar caus 
was to be expected. The Author himself had suggested that + 
resonance effect was responsible. If that were so—as might well k 
the case—then it would differ in different estuaries according to ther 
shapes. In the case of the Severn, the estuary was peculiarly bluntly 
diverted at Frampton, and a reflected wave might be set up. | 
The Author did not refer to the effect of the convergence of tl 
banks. In the case of the symmetrical model, the convergence wa 
such that throughout the length of the model the wave increas¢ 
in range in the unobstructed case, and it was not unnatural that 2 
obstruction should modify the convergence of the stream ax 
thereby modify the wave. In the actual estuary of the Severn i 
would be difficult to define the convergence, but no doubt the Auth¢ 
would agree that the presence of obstructions did modify the effectiv 
convergence, and, as there was one particular convergence wi 
which the tidal wave did not change in range, a change of con 
gence would necessarily alter the tidal range. If the converger 
were greater, the tidal range would increase; if the convergen 
were less, it would decrease. It would be very interesting to 
the Author’s opinion on that point. i 
The change in the surge-time caused by an obstruction seemed t 
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e very potent. It appeared that if the surge-time of the wave Dr. Chatley. 
hanged, then there would be a continuous change in the form of the 
yave. Ifthe periods at Avonmouth and at Frampton were different, 
hen the wave-form between those two places was continually 
hanging, and he did not know which could be considered as the 
haracteristic one for the computation of the tidal energy-loss. 
He did not know how far the Author would discriminate between 
entral obstructions of moderately streamlined shape and side 
ybstructions of the nature of groynes. It was conceivable that with 
, central streamlined shape the energy of the influx would not be 
greatly modified, so that the velocity between the piers would be 
nereased and scour would occur. 
With regard to the Severn, the peculiar formation of the Shoots 
would presumably affect the results, but it was not represented in 
she Author’s symmetrical model. The section there was so peculiar 
that, at least at the lower stages of the tide, a large part of the section 
was not functioning at all but was simply dead water, so that the 
question of the convergence and divergence of the stream at different 
levels again arose. 
/ Mr. W. J. HE. Brnniz, Vice-President, remarked that in the case Mr. Binnie. 
of the large model of the Severn it would be seen from p. 211 that an 
obstruction of 63-6 per cent. of the waterway caused a lowering of 
high water of spring tides at Gloucester of 16 inches; the horizontal 
scale of that model being 3 : 8,500. In the case of the smaller model, 
however, with a horizontal scale of 1: 40,000, it appeared from the 
Table on p. 216 that, with an obstruction of the waterway of 60-0 
instead of 63-6, the lowering of high water of spring tides at Gloucester 
was only 7 inches ; what was the cause of the apparent discrepancy ? 

“Mr. Raymonp Carpmann remarked thai on p. 217 the Author Mr. Carpmael. 
stated: “. . . at the Stones the piers rest on a rock plateau so that the 
question of erosion . . . does not arise.” He could assure the Author 
that erosion could and did occur in the marl which overlay the Severn 
tunnel and outcropped over a considerable area of the English Stones. 
In his Paper? on the cementation of the Severn tunnel, he had 
explained that a number of pipes or chimneys through the marl 
above the tunnel had been discovered by the cementation; in 
‘certain cases—one in particular—the cement had reached the bed 
of the river and formed a large mushroom protecting the marl. He 
could assure the Author that not only did erosion of the unprotected 

1arl take place, but also of concrete, either in mass or in bags, 
ced in position as additional protection to the river-bed. pt 
‘The Author also stated on p. 217: “ To prevent complications due 
any erosion of the bed altering the cross-sectional area, it was 
Minutes of Pro- 


La eS SE 
1. Carpmael, ‘‘Cementation in the Severn Tunnel.” 
seedings Inst, C.E., vol. 234 (1981-82, Part 2), p. 277. 


a 


_ 4 w a in” 
ad 


Ak bea 
py 


Mr, Carpmael. 


Mr. Du Cane. 


“ a) a = 
7 ga Ales ae 
ii ; 


< wry 


240 DISCUSSION ON THE EFFECT OF BRIDGE-PIERS AND O1 i 


stabilized for the purpose of these experiments by a light wash o 
weak cement.” It would appear that unless the whole of the bec 
the Severn in the neighbourhood of any obstruction were coated wit 
concrete, erosion would proceed and the conditions would become 
different from those in which the results were obtained in the mo ali 
the bed of which had been stabilized. It seemed that the deductions 
made from the model might therefore be misleading. . 1 

Mr. C. G. Du Cane understood from the Author’s conclusions that 
the volume of tidal flow in an estuary might be actually increase 
by an obstruction. That phenomenon was of great interest, ar 
was contrary to what had in the past been accepted theory. 
was a little difficult to believe that it happened, because it was knowm 
that in some cases at least the exactly opposite process of clearing: 
the channel in an estuary produced a greater tidal flow ; in view of 
that apparent paradox he would like to have a little more proof 
before finally accepting the view put forward. 

The Author suggested that the phenomenon might be due to partial 
resonance. Mr. Du Cane had no doubt that that might reasonably 
account for the higher high water shown by the model; but was 
there really an increase in the total volume of tidal flow ? He took 
it that by “ partial resonance’ the Author meant a form of surg 
or wave. It seemed possible that in measuring the higher hig 
water in the obstructed model the Author was measuring the crest 
of that surge, and that other parts of the estuary might show a 
diminution of level at the same time, so that, in spite of the higher 
high water, the total volume of flow might be less than without the 
obstruction. Perhaps if the Author would continue his experiments 
and make simultaneous observations of the water-level at various 
points above the obstruction, that point might be cleared up; the 
subject was of very great interest, and well deserved further study 

Mr. Oscar Borer said he appreciated that the Author had had 
to stabilize the bed of his model, because otherwise there would 
no finality at all in the experiments. The river Ouse, with which hi 
was concerned, had such an erodible bed that scour occurred whereve’ 
a structure was erected in it, whereas in model work, as in all othe1 
investigations, it was necessary to work from some fixed basis 
None the less, it did not follow that models were not to be relies 
on, and he had been surprised to hear it suggested that a ce 
experiment relating to a hydraulic structure in the Fens had given 
a false result. Naturally, if a model were used it had first of all 4 
be proved—it was not just a plaything by means of which anyor 
who did not understand what he was doing could expect to obta: 
a result. With a model of the upper reaches of the Ouse it was no 
possible to carry out investigations on all the sluices and locks, ar 
it was found that the model gave reliable and accurate results. Th 


a meh 
per 


; OBSTRUCTIONS ON TIDAL LEVELS IN AN ESTUARY. 241 


hoice of bed-material was not critical, as had been proved both by Mr. Borer. 
inglish and by American experience, but whether it was possible 
o rely on a model in a quantitative or only a qualitative sense 
aturally depended on the scales that were used. In the models of 
he upper reaches of the Ouse natural scales were employed, and the 
esults in every case were almost exact ; that had also been the 
xperience at the Berlin and Delft hydraulic laboratories. 

“In the construction of a bridge across the Holland Deeps at 
Meerdijk, which was about 2 kilometres wide, it had been found 
possible to introduce an obstruction of at least 30 per cent. with no 
upparent effect on the river above. That confirmed the Author's 
sbservation that a fairly big obstruction in an estuary would have 
very little effect on the tidal rise and fall. 

Velocities of flow appeared from the Paper to be reproduced 
ccurately by models, even on a scale-ratio of 1:42. Their accuracy 
was demonstrated by the exact correlation of the tidal curves 
obtained from the model with those in nature. 

| Mr. H. W. 8. Hussanps remarked that in the models mentioned Mr. Husbands. 
in the Paper the ratio between the horizontal and vertical scales 

ranged from 1/25 to 1/100. Had the Author come to any conclusion 

as to what limit should be set to that distortion ? Obviously if a 

natural scale could be used it would be better to do so. 

The choice of the horizontal and vertical scales was evidently 

governed by practical considerations and by the necessity of avoiding 

excessive distortion, but he understood that the only way to deter- 

mine the time-scale was to find by trial a value that gave a reasonable 
reproduction of the natural phenomena. Had the Author been 

able to find a method of working it out mathematically ? 

Mr. G. J. Grirriras had been greatly impressed by the extra- Mr, Griffiths. 
ordinary accuracy of the small model which the Author had used: 


He would be interested to know how the Author arrived at the bed- 
del, as they would presumably govern 


contours for such a small mo 
to a very large extent the accuracy of the results. He hoped that 


the Author and others would extend their investigations so as to 

determine the actual cause of the increase in the high-water level 

caused by an obstruction. He was very familiar with the estuaries 

of the Severn, Mersey, and Dee, and therefore appreciated the value 

of tidal models for the study of the conditions brought about by 

changes in channels and sandbanks, which were frequent. 

 4*, Mr. ERNEST Barcustor observed that in describing the Mr. Batchelor. 
e e Severn estuary (pp. 213 and 214), 


experiments on a small model of th 
tated what modifications would result from 


q Author had not s 
on enepecaneil 


/ 


at This and the following contributions were submitted in 
yriting —Sec. Inst. C.E, 


Mr. Batchelor. 


; 
o 
_ 


_ surges and tides had not synchronized in the past, and till son 


SS ee 
ial wa Or 


q 
a 
242 DISCUSSION ON THE EFFECT OF BRIDGE-PIERS AND OTHI . 
making allowances for the flow of river-water into the estuary 
unless that flow were relatively small it might have affected tha 
calibration of the model, particularly in the upper part of the estua 

The Paper was of great value in indicating possible effects of th 
construction of a Thames barrage, now forming the subject of ar 
Inquiry by the Port of London Authority. It was proposed by th 
Thames Barrage Association to construct the barrage at the hea 
of Gallions Reach at Woolwich. The water would be maintaine 
at a level near to Trinity High Water, which was 12-53 feet aboy 
Ordnance datum. The barrage would have locks to permit t 
passage of vessels, and sluice-openings of about one-third of the cross 
section of the river would be provided. It was suggested that the 
barrage would be of value for increasing general amenities and facilities 
for sport, for preventing flooding, and for providing a reserve of 
drinking water in case of damage by bombing to pumping-statio: ns 
and water-mains. In one experiment by the Author the estuar 
had been blocked at Hock Cliff, where the Severn widened rapidly 
that point was about 13 miles above English Stones, where the estuar 
again rapidly widened (p. 226). Conditions in that experiment wer 
perhaps sufficiently similar to those of the barrage at Woolwich - 
warrant conclusions being drawn applicable to the barrage. Th 
blocking of the estuary resulted in a lowering of high-water level 
at Frampton, just below Hock Cliff, from 12-0 inches to 4-8 inche 
a fall of 7-2 inches. Hence it might be concluded that the Tham 
barrage would reduce high-water level in the Thames at and below 
Woolwich. Occasionally a large storm-surge in the North Sea, due 
to very strong winds from the N.W. to N. over the major part of th 
North Sea, was superimposed on the astronomical tidal wave. Whe 
the maxima of the storm-surge and astronomical tide were almost 
simultaneous, and the tide was a spring tide, the effects in London 
were serious. That had been the case at about midnight on tht 
6th-7th January, 1928, when the flooding caused great loss of lif 
and damage to property. As a result the flood-defences had bee 
raised about 6 inches. Moreover, much larger disturbances of thi 
tidal wave due to storm-surges had been detected by an examinatio 
of the tide-curves at Southend since 1911, the largest being one of 
as much as 114 feet on the 31st December, 1921, whereas that of 192: 
was only 5 feet. Fortunately the maximum of the former occurreé 
near tidal low water. Were a surge of 11} feet superimposed o: 
high water of a spring tide at Southend the result in London wo ald 
be appalling, as many square miles would be flooded, including Wes 
minster. No reason had been assigned why the maxima of lar 


explanation had been found, such a disaster, though improba 
should be recognized as possible. The Report of the Committ 
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ppointed after the flood of 1928 to consider the question of floods from Mr. Batchelor 
he river Thames! stated that it had been estimated that the cost of 
he addition of a foot or more to the height of the existing defence- 
valls for the whole 45-mile length of the river-front within the County 
rea might well amount to millions of pounds. The rise in the water- 
evel at Gallions due to the surge of the 6th-7th January, 1928, was 
) inches greater than at Southend, high-water level being 17 feet 
I inches above O.D.2; with a surge of 11} feet at Southend the rise 
: have been, proportionately, 11} inches greater. Had the 
axima of that surge and the tidal wave been simultaneous, the level 
of high water at Woolwich would then have been 24 feet 74 inches 
above O.D., about 7 feet } inch higher than in January, 1928. The 
barrage would probably reduce that level to less than 24 feet above 
O.D. The barrage could be designed to keep water back up to any 
- level ; if the defence against surges which would be provided 

y the barrage were supplemented by a short wall to the high 
ground to the south, and by works of a length of about 14 mile to 
the north as far as the Northern Outfall Sewer, and a small work to 
the north of that, full protection of London against the appalling 
losses consequent on a surge as high as the maximum hitherto 
recorded at Southend could be provided at a cost but a small fraction 
of that of raising the river-walls. 

The sluice-area of the proposed barrage would be about one-third 
of the cross-section of the river. Figs. 4, 5 and 6 in the Paper 
showed that the tide-curves above the barrage, with the sluices 
open, would not be materially different from those before its con- 
struction. The form of the tide-curves on the 6th-7th January, 1928, 
was very similar to the normal, the only noteworthy abnormal 
feature being the excessive height above high water. The maximum 
natural flow hitherto recorded in the Thames at Teddington in 
24 hours was 3,260 million cubic feet on the 18th November, 1894, that 
being about twice the ordinary maximum natural flow. Increasing 
that proportionately to the increase in the catchment-area, the 
maximum flow at Woolwich would have been about 4,000 million 
cubic feet in 24 hours, or 2,000 million cubic feet in 12 hours. The 
volume of water in the Thames between Teddington weir and the site 
‘of the proposed barrage, between L.W.O.S8.T. and the level of high 
‘water near midnight on the 6th-7th January, 1928, was, in round 
figures, 3,000 million cubic feet. That volume had been discharged 
uring the ebb, which lasted 7 hours 35 minutes. It was clear that 
at a time of exceptional flow over the weir at Teddington, the lake 
above the barrage were emptied during the ebb, and if the flood-water 
‘were allowed to accumulate during the flood-tide, the level of the 
vater in the lake above the barrage could be kept well below the 
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maximum yet attained. Even, therefore, if the maxima of a storm , 
surge equal to the greatest yet observed at Southend and of a sp: i 
tide were simultaneous and coincided with a flood in the Thames a 
Teddington not a little greater than the maximum flood yet record 
the barrage would enable the flood-level in the Thames above Wool 
wich to be kept well below the crest of the existing defence-works. i 
Dr. Brysson CUNNINGHAM remarked that the unexpected and 
undoubtedly startling conclusions arrived at in the Author’s valuabl 
Paper were not only at variance with all preconceived ideas on t 
subject, but they involved a paradox which, it seemed to him, was 
scarcely adequately explained. On p. 231, it was stated that “in 
estuaries of the type and proportions examined, a constriction off 
section up to a certain point increases the level of high water at all 
points above the constriction and increases the volume entering and! 
leaving.” From that it would appear that (within the limit 
indicated) the smaller the sectional area of entrance, the greater the! 
volume of water entering the estuary. The obvious inference was) 
that the velocity of influx would be correspondingly increased 
That increase in velocity might be brought about in part by 
augmented head due to the penned-up water at the entrance, bu 
he ventured to suggest that it would be insufficient to produce the 
observed result, and that there might be another and importar 
source of augmentation in a conceivable reflex action from th 
surface of the obstructed area producing a local wave rising above the 
normal surface-level of the tidal inflow. He would be glad if th 
Author would say whether such a reflected wave was observabl 
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It was of interest as being one of the few records of cases where th 


of high water, and it was in agreement with experiments which | 
recently been conducted on the effect of training-walls in the Dee 
below Connah’s Quay, where it had been found that, starting 
training-walls 600 feet apart and gradually reducing the gap 
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00 feet, a maximum height of high water at Connah's Quay was The Author. 
btained when the width was about 300 feet. 

‘In that connexion he would also draw attention to experiments 
arried out on the large model of the Severn for the Barrage Com- 
nittee, which were recorded in Appendix E of the Report.1 Those 
articular experiments were carried out to determine the effect on 
‘des and current-velocities of the obstruction caused at various 
tages of the construction of the barrage at the English Stones. 
‘he experiments showed that when the deep channel of the Shoots 
yas filled in, the high-water level at spring tides above the barrage 
vas higher than with the Shoots open. The following levels of high 
and low water were taken from pp. 285 and 295 of the Report :— 


High-water level: feet above 0.D. 


Shoots open. Shoots blocked. 
Avonmouth 21:8 21.7 
Beachley 23-3 23-2 
P ; Sharpness 24-0 24-5 
Ms Framilode 25-2 25-6 
ba Gloucester 23-5 24-3 


es 
" It had been suggested that the general phenomenon of an obstruc- 
ion causing a rise of high-water level might be due to causes other 
than resonance, but he had found it difficult to visualize any other 
cause, Whereas the resonance explanation would appear to fit in with 
all the observed facts. The tidal period was longer than the natural 
eriod of oscillation of the column upstream, and anything that 
lengthened that natural period brought the two periods closer 
together and would thereby tend, other things being equal, to increase 
the amplitude of the oscillation, and therefore to increase the level of 
high water and to reduce the level of low water. On the other hand, 
the introduction of an obstruction introduced a loss of energy which 
would tend to reduce the magnitude of the oscillation. The behaviour 
of the tides in any particular estuary was the resultant of those 
effects, and it was not possible to deduce any general law which 
would apply to a series of estuaries ; each one had to be dealt with 
as a separate problem. For example, the Humber estuary was very 
different in shape, especially in its upper reaches, from that of the 
Dee or of the Severn, and the results of obstructions in the Humber 
ere very different from what they were in the Dee and the Severn. 
It was interesting to note that in the experiments on the symmetrical 
estuary (pp. 223-226), reducing the mean depth of water increased the 
ail range by increasing the natural period of oscillation and thus 
inging the periods of natural and forced oscillation nearer together. 


1 A, H. Gibson, ‘Construction and Operation of a Tidal Model of the 
vern Estuary,” p. 282. HLM. Stationery Office, London, 1933. 
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The idea that the effect might conceivably be due to reflexior 
occurred to the Author at an early stage of the experiments, | ; 
observation showed no sign of that. If there were such reflexion 
effects, they would be shown in the form of the tide-curves. T id 
expetiments cited above, in which the obstruction in the Shoots 
entirely below water-level and in which there could be no reflexi 
would also indicate that reflexion was not an important factor, ifind 
it was a factor. Moreover, evenif the results were affected by reflecte 
waves, those would be equally experienced in the estuary itself. } 

In reply to Mr. Elsden, the tide-curves had not been subjected ta 
harmonic analysis, and in view of the possible errors of observatia 
on the ebb it was doubtful whether anything very useful woul 
emerge from such an analysis. He would, however, examine the 
results from that point of view. 

The calibration of all the models had been carried out with river 
flow. Experiments had been carried out both with and without river- 
flow in all the larger models, but without any effect on the genera i 
results. It was true, of course, that where the effect of an obstrue- 
tion was to increase the level of high water that might well be ver 
objectionable from the point of view of flooding in the upper estuar 

In reply to Mr. Gedye, the original model of the Severn estuar 
showed that the proposed barrage increased slightly the height « 
high water at Avonmouth, and also at New Passage at the Englis 
Stones. Experiments were carried out on the effect of running with all 
the sluices closed. The results, given on p. 100 of the Report,! showed 
that that raised the high-water level at Avonmouth by 0-2 foot. 

Regarding the suggestion that the introduction of an obstruction 
in some way altered the time-scale, that was definitely not the case 
The time-scale depended only upon the relationship between the 
horizontal and vertical scales of the model, and no modificatior 
which did not change that ratio could possibly affect the time-scale 
In each of the models used by the Author, the time-scale had bee: 


computed from the well-known relationship 5, hie ne res where t, l, an¢ 


h denoted respectively time, length and Lagi in the model and 
T, L, and H the corresponding dimensions in nature. 

He had been interested in Mr. Gwyther’s remarks about theTigri is 
model. Its designers had been fortunate in being able to use such : 
small distortion of scale as 4}: 1. In the case of tidal-estuary model: 
simply because of the large area which they were bound to cover, 
was necessary to have a fairly large distortion of scale in order 1 
obtain turbulent motion. In cases of river or estuary flow whe 
movement of the bed-material was involved, a moderate distortic 
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f scale appeared to be rather an advantage than otherwise, whilst The Author. 


rhere only tidal levels and current-velocities were involved there was 
vidence in the present tests that vertical exaggerations of 100: 1 
yere capable of giving results which agreed with the prototype. In 
he models with which he was concerned the bed-contours were 
noulded to cross sections taken from the latest available charts. 
He appreciated Mr. Borer’s remarks about the accuracy of the 
esults obtained from the models of the Ouse sluices, and the evidence 
is to the small effect on the tidal rise and fall of a considerable 
ybstruction in the river at Meerdijk. 

Dr. Chatley suggested that the presence of an obstruction 
fiected the convergence of the stream, and that, since in an 
stuary with convergent banks the degree of convergence affected 
he tidal range, that might be a partial cause of the effect noticed. 
However, an obstruction such as a row of bridge-piers only caused 
» convergence of flow in its immediate vicinity, which was followed 
by an immediate divergence, so that it was difficult to see how 
that factor in itself could operate as suggested. The change in 
the period of the natural surge caused by an obstruction was 
accompanied by a change in the form of the tidal curve, as 
indicated by the difference between the full-line and broken curves 
of Figs. 6 and 8. In computing the loss of energy at any section 
caused by the obstruction, the two tide-curves obtained at that 
section with and without the obstruction were used. It was perhaps 
appropriate to mention that the idea of resonance as affecting the 
tidal range in an estuary was not new. The whole theory of 
resonance in estuaries both with parallel and converging banks had 
been fully treated for the ideal case of frictionless channels.1 It 
was by no means essential, in order to have a larger tidal range 
at the upper end of a channel than at the seaward end, that the 
channel should have convergent banks, as was so often assumed. 
Dr. Chatley also asked about the effect of the shape of obstructions. 
Some experiments had been done in that connexion, and it had been 
found that with a 60-per-cent. side obstruction the same results 
would not be obtained as with a 60-per-cent. obstruction in the form 
of bridge-piers. The effect was of the same kind, but not of the same 
magnitude. 

_ Mr. Binnie had pointed out that whereas on the smaller model a 
60-per-cent. obstruction gave a 7-inch fall in high water at Gloucester, 
a 63-6-per-cent. obstruction on the larger model gave a 16-inch fall. 
that was so, but it would be noticed that both those points lay on the 
1ooth experimental curve of Fig. 4, and he thought that those two 
results formed a rather interesting confirmation of the way in which 
the two models, though of very different scales, gave identical results. 


1 H, Lamb, “Hydrodynamics,” 4th ed., pp. 258, 267. Cambridge, 1916. 
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The effect of the larger obstruction had since been tried on the smalld 
model, where it gave a fall of 15-5 inches. | 

He accepted Mr. Carpmael’s statement that the English Stom 
did erode, but his point was that in a model of the kind in questio 
for an investigation concerned solely with the effect of obstruction! 
on tidal levels, it was desirable to prevent complications caused bf 
any erosion of the bed. | 

Mr. Du Cane asked whether the volume of flow up and down th 
estuary was increased. He had not taken simultaneous tide-cw 
but had obtained tide-curves at different parts of the estuary, 
those could be correlated with reference to a given datum-time, 
that in effect they were equivalent to the curves for which Mr. E 
Cane was asking; those curves did show that the volume wa 
actually increased. The increase was not great, and the effect would 
of course, depend upon the particular estuary. : 

In reply to Mr. Batchelor, the calibration of the model was carrie 
out with river-flow corresponding to mean-flow conditions. J 
Batchelor’s remarks on the proposed Thames barrage were of muck 
interest, but the data given in the Paper regarding the effect of § 
obstruction at Hock Cliff were not directly applicable to the case 
the Thames. The experiments in which the estuary was blocked 
Hock Cliff had been carried out to determine the relative effect of 
given obstruction (50 per cent.) at Beachley on what were in effec 
two different estuaries—one open up to Gloucester and the othe: 
terminating at Hock Cliff. 

Since receiving Mr. Batchelor’s communication, he had exam: 
on the Severn model the effect of blocking the estuary at Hock 
without any obstruction downstream. The result was to raise hig 
water level at Frampton somewhat. 4 

He agreed with those speakers who referred to the caution witl 
which quantitative observations of scour and erosion in hydrauli 
models should be treated. Anyone, however, who had been 3 
touch with the model work being done at the Waterways Experimer 
Station at Vicksburg, Mississippi, was bound to have been impresse 
by the very close agreement which had there been obtained betwee 
model results and those of corresponding works in the river in man 
schemes of training works. , 

In conclusion, he thanked all those who had contributed to t 
discussion. He was keeping the Severn model in commission in 
Engineering Department at Manchester University, and would wi 
come a visit from any interested engineer who might care to obser 
for himself the phenomena outlined in the Paper. Ol 
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—s The Correspondence on the foregoing Paper will be publishe 
in the Institution Journal for October 1938.—Sxc. Inst.C.E. 
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tothe Authors. 
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_ THE essential analytical basis of every type of engineering design is 
the classical theory of elasticity, which, as normally employed, 
affords mathematical concepts of the relations of strain and stress in 
an elastic isotropic solid. The general object of rational engineering 
design, as applied to structures and machines exposed to atmospheric 
 temperature-conditions—to take a case devoid of the complicating 
effects of high temperature and corrosive environment—is to produce 
~ an effective and economical result in which neither undue deforma- 
tion nor fracture will occur under assumed loadings and service 
‘conditions. Yet, with regard to these statements, reflection will 
reveal the admitted fact that elastic theory cannot possibly even 
S redict the phenomenon of plastic deformation ; neither can it, of 
-jtself, afford any qualitative or quantitative information regarding 
fracture: it is for this and other reasons that engineering design 
makes such demands upon the flair, general knowledge and. hard- 
won experience of the engineer, often involving, incidentally, an 


“ 
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undue practice of “ trial-and-error” methods. Provided that the 
pressure of the need for improved design can be met by the use of 
existing materials of known properties, the lack of basic fundamental 
knowledge may not prove an embarrassment to technical progress ; 
but the advent of new materials or the requirements of more severe 
service brings about a sharp realization of the entirely empirical 
nature of the knowledge of the commonly-observed characteristics of — 
engineering materials. The position is that even the simpler 
problems of the solid state of matter are baffling in the extreme, in 
spite of the advances of modern science and of the marked special 
attention that has been devoted to these problems throughout the — 
world, particularly so during the past 20 years. A most interesting . 
international survey of scientific knowledge and current opinion — 
of the problems of the solid state was made in 1934 in a series | 
papers} at the International Conference on Physics. All metals, — 
and many other engineering materials, are essentially crystalline 
in their structure, and physical methods have enabled the nature 
and dimensions of these structures to be determined with the greatest 
accuracy : there can be little doubt that this crystalline structure is 
basically responsible for the technical properties with which 
engineers are so closely concerned. In the first place, however, a__ 
much deeper understanding is required of inter-atomic and inter-_ 
molecular forces : despite the great contributions to knowledge made 
by atomic physicists, the theoretical strength of pure iron, for 
example, is not known. Nevertheless, from associated physical — 
characteristics, the indirect inference appears to be generally accepted 
that the commonly-observed strengths of metals are much lower than 
would be expected, if this property depended entirely upon the 
perfect geometrical structure theoretically assigned to the crystal- — 
line state. To account for this suspected discrepancy, and especially 
to explain the property of plasticity—an unpredicted and most 
surprising property of metals—a number of theories have been 
evolved, which suggest that these characteristics are due to some 
form of modification or imperfection superimposed on or existing in 
the crystalline structure. Regarding the correctness of these theories, 
which suggest the existence of secondary structures, such as the 
“superstructure” of Zwicky,2 the “ lineages ” of Buerger,3 the 


1 Inter. Conf. Phys., vol. ii, ‘‘ The Solid State of Matter.” Cambridge, 1935. 
ne 4Zwicky, “ Imperfections of Crystals.” Proc. Nat. Sci., vol. 15 (1929), 
p- 253. - ‘ 
—— “Why Crystals Exist.” Ibid., vol. 17 (1931), p. 524, 
—— * Secondary Structure of Crystals,” Phys. Rev., vol. 40 (1932), p. 63. 
“ Plasticity of Crystals.” bid., vol. 43 (1933), p. 765. a 
* M. J. Buerger, ‘‘ The Lineage Structure of Crystals.” Zeit. fa ist., 
vol. 89 (1934), p. 195. cD ont eee 
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“ block-structures ” of Smekal,! or the conception of surface or 
internal flaws originally due to Griffith 2 and made the subject of 
later experiments by Joffe, Orowan 4 and others, there is no agree- 
ment of opinion as to their validity : while, more recently, interesting 
suggestions ascribing the mechanism of plastic deformation to the 
presence and effect of migratory “ dislocations ” have been advanced 
by Taylor,5 Polanyi® and Orowan.’ It is not possible here to 
describe these theories in detail; a summarized account has been 
rendered elsewhere.8 They are mentioned to emphasize the point 
that plasticity and fracture, which are so frequently encountered as 
to become commonplace, really represent fundamental problems for 
which is required the exercise of a considerable amount of ingenuity 
even to afford a plausible explanation. 


NATURE OF THE PROBLEM. 


The foregoing discussion may be said to be somewhat remote from 
the field of practical engineering problems. Even taking full recog- 
nition of the general interest which engineers have always shown in 

scientific problems outside their immediate professional interests, 
_ the accusation would undoubtedly be true if it could be shown that 
their immediate practical problems are capable of satisfactory 
explanation without the need for an understanding, partial or 
— complete, of the fundamental aspects of plasticity and fracture 
_ previously discussed. It is worth while to examine briefly whether 
or not this latter contention can bear scrutiny. Provision against 
collapse or fracture under static loading can be avoided if the proper 
use is made of analytical methods and the experimentally-determined 
_ breaking strengths of materials of construction are fully considered 
in the design stage in relation to the applied loading-conditions : 
similarly, allowance can also be made for permanent deformations 
exceeding permissible amounts. Even if failures of this sort occur, a 
fundamental knowledge of the properties of the solid state is not 
1 A. Smekal, Handbuch der Physik, 2nd edition, Berlin, 1933. 
2 A. A. Griffith, “‘ The Phenomena of Rupture and Flow in Solids.’ Phil. 
_ Trans. Roy. Soc. A., vol. 221 (1921), p. 163. 
A 3 A. F. Joffe, ‘‘ Physics of Crystals.” New York, 1928. 
4 B. Orowan, “ Tensile Strength of Mica.” Zeit. fur Physik, vol. 82 (1933), 
ay i I. Taylor, ‘‘ Faults in a Material which Yields to Shear Stress while 
Retaining its Volume Elasticity.” Proc. Roy. Soc. A., vol. exlv (1934), p. 1. 
_ 6M. Polanyi, “ Lattice-Distortion and Plastic Flow.” Zeit. fir Physik, 
vol. 89 (1934), p. 660. é 
7 E. Orowan, “ Plasticity of Crystals.” Zeit. fiir Physik, vol. 89 (1934), 
Z ve J. Gough and W. A. Wood, * Strength of Metals in the Light of Modern 
Physics.” Journal Roy. Aero. Soe., vol. x1 (1936), p. 586. a 
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necessary to achieve improved design. What a different picture is 
presented, however, if fatigue-failure is to be understood and 
avoided! Estimates from a number of industrial countries agree in 
assessing the proportion of service failures due to fatigue at as high — 
a value as 90 per cent. of the whole, in spite of the most active and — 
comprehensive attention that has been given to so many aspects of — 
the subject in many laboratories, as shown by the extent of the — 
relevant literature. Whilst many of these failures are due to ignorance 
or lack of application of existing data, a consideration of the simplest 
characteristics of that insidious form of failure which occurs by the 
agency of a creeping and often invisible crack, shows that here are _ 
encountered mysterious and unexpected agencies at work for whose — 
mechanism an explanation must be found at the earliest possible 
opportunity in the interests of rational design, even if only to afford — 
a “background” of understanding against which present and 
future problems may be considered and overcome. . 

The simplest facts concerning fatigue-failure are most mysterious. _ 
How is it that a material with ultimate tensile and compressive 
strengths denoted by a and b respectively, can be completely frac- 
tured in an apparently entirely “‘ brittle ’’ manner by the application — 
of a cycle of stress having the stress-limits of na and mb, where n and 
m may have values as low as from } to $2 Further, why does 
fracture occur in this case only after the application of what may bea _ 
very large number of repetitions of the cycle, and why is the number 
directly related to the numerical value of the applied stress-range ? 
What are the inner progressive changes taking place in the material 
that produce such a fracture? Is “time” or “ number of stress. 
cycles” an operating factor? Even to these simple questions no 
purely mechanical study, however extensive, of fatigue, as providing — 
merely test-data, has ever provided an approach to a satisfactory 
explanation. Under the auspices of the Department of Scientific 
and Industrial Research, a most extensive series of related researches | 
has been in progress at the National Physical Laboratory, extending 
over a number of years. For the purpose of present discussion, these 
researches have fallen into two groups. 

The researches in the first group have been directed to the 
solution of a wide variety of immediate problems undertaken to 
provide data directly applicable to design, and they appear to have 
been successful in achieving their object. Among the major aspects 
dealt with, some of which are still in progress, may be mentioned :— 
effect of type of stressing ; impressed conditions ; understressing and 
overstressing ; influence of mean stress and of temperature ; cyclical 
stress-strain relations; effect of surface-conditions and of stress- 
concentrations due to changes of section ; fatigue-resistance of full- 
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sized components; investigation of accelerated methods of deter- 
“mining fatigue-range; effect of test environment and corrosion- 

fatigue ; resistance to combined fatigue-stresses ; fatigue of welded 

joints; frettage-corrosion ; impact-fatigue. The results of such 

work have been published in a number of publications too large for 

detailed reference here: summarized surveys +*%%*° have been 
prepared from time to time. 

It was fully recognized, however, that the purely mechanical 
methods of attack adopted in that class of investigation could throw 
no light on the basic problems of fatigue and rupture. In 1921, 
therefore, work was commenced on a second series of researches 
_ specifically directed towards the study of the characteristics of 
deformation and fracture of metals, especially by fatigue, with regard 
to the inner crystalline structure. It may be stated at once that it 
was always considered that, as far as the crystalline structure was 
concerned, the mechanism of plastic deformation and fracture must 
be the same under all types of stressing ; particular attention has 
_ always been devoted to fatigue-stressing, as possessing two inestim- 
able and unique advantages. Firstly, by a proper choice of stressing- 
system, complete fracture can be caused without involving any 
appreciable change in the external dimensions of the test-piece ; and 
secondly, the test can be interrupted at frequent intervals so that 
progressive stages of the deformation and impending rupture can 
pe successively studied without involving any alteration in the 
 externally-applied stressing-system. 

In the first stages of the work, the use of the metallurgical micro- 
scope was added to the available mechanical methods. An extensive 
study was made 6 of the changes in the microstructure of polished 
_ specimens of various ductile metals, in the usual form of crystalline 
aggregates, subjected to safe and unsafe ranges of various types of 

stress-cycle. It was definitely established that, with every metal 
investigated and under every stress-system employed, slip-bands 

were formed under safe and unsafe ranges alike, the only difference 


of 


1 H. J. Gough, “‘ Fatigue of Metals.”” London, 1924. 
2 ___ “ Fatigue Phenomena, with Special Reference to Single Crystals.” 
Cantor Lectures. Journal Roy. Soc. Arts, vol. Ixxvi (1927-28), p. 1045. 
3 “ Corrosion-Fatigue of Metals.” llth Autumn Lecture. Journal 
- Inst. Metals, vol. xlix (1932), p. 17. 
_ 44H. J. Gough, H. L. Cox, and D. G. Sopwith, ‘‘ Design of Crane Hooks and 
~ other Components of Lifting Gear.” Proc. Inst. Mech. E., vol. 128 (1934), p. 253. 
__-- H. J. Gough and H. V. Pollard, “ The Strength of Metals under Combined 
Alternating Stresses.” Proc. Inst. Mech. E., vol. 131 (1935), p. 3. 
“ The Effect of Specimen Form on the Resistance of Metals to Combined 
"Alternating Stresses.” Ibid., vol. 132 (1936), P. 549. 3 
6 H. J. Gough and D. Hanson, “The Behaviour of Metals Subjected to 
Repeated Stresses.” Proc. Roy. Soc. A;, vol. civ (1923), p. 538. Z 
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being that in the former case slip ceased at a certain stage of the j 
experiment, while in the latter case fatigue-cracks developed in — 
regions of heavy slip. It was thus established that metals could be 
cold-worked under cyclic stresses, without fracturing, in exactly the — 
same manner as under static stresses, slip being essentially a harden- _ 
ing process, but the observations suggested that each material — 
possessed some definite limit of strain-hardening which, if exceeded _ 
locally, led in some manner to the formation of a progressive crack, 
The paths of the slip-bands indicated unmistakeably a general 
relation to the crystalline structure, for the detailed examination _ 
of which crystalline aggregates were entirely unsuitable. It seemed . 
necessary to establish the planes and direction of slip, also to deter- _ 
mine the part played by the crystal-boundaries. At that time | 
(1923) extremely large single crystals, prepared by artificial laboratory _ 
methods, were becoming available, presenting a means of attack 
upon metals in their simplest form and devoid of the complicating — 
effect of the boundary. More important still, by means of X-ray _ 
analysis, an exact correlation could be made between the slip- and _ 
twin bands produced, as observed using the metallurgical microscope, 
and the induced stressing-system, using analytical methods. The 
opportunity for obtaining this much greater insight into the — 
phenomena of plastic deformation and cracking was at once taken 
up and vigorously pursued. The behaviour of single crystals of — 
aluminium, iron, zinc, copper, antimony, bismuth, and silver was 
extensively studied in a series of researches which have been sum- _ 
marized elsewhere Some of the principal conclusions can be — 
briefly stated. Deformation by slip always occurred on definite 
types of crystallographic planes and on definite crystallographic 
directions in those planes, the actual plane and direction being 
controlled by the very simple criterion of the greatest component of — 
resolved shear stress. As in the case of the aggregates, such slip 
occurs under safe and unsafe ranges alike, fatigue-cracking occurring 
in areas of heavy: plastic deformation. A comparative study of the 
behaviour of single crystals and specimens containing’ a small 
number of large crystals showed that the boundary, as such, exerted 
no appreciable influence on the deformation and fracture of the 
individual crystals; hence these can be safely taken as properties 
of the crystalline structure itself: the really surprising fact has been 
established 2 that, in specimens containing six crystals and subjected — 
1 Kighth Marburg Lecture, by H. J. Gough, “Crystalline Structure in 


Relation to Failure of Metals—Especially by Fatigue.” Proc. A.S.T x 
33 (part 2), (1933), p. 53. MAM tod Si c. A.S.T.M., vol. 


als St Gough and G. Forrest, “A Study of the Fatigue Characteristics be 
Three Aluminium Specimens Each Containing from Four to Six Large Crystals.” 
Journal Inst. Metals, vol. Ixviii, no. 1 (1936), p. 97, ; ee 
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_ to cyclic stressing, the slip-band distribution and fatigue-cracking 

~ conformed closely to a stress-analysis based only on the external 

loading and the crystal-orientation of the individual crystal, and 

without reference to the adjoining crystals or the intervening boun- 
daries. Probably one of the most significant observations revealed 
that after the visible production of slip-bands had ceased, a period of 

_ cyclic history followed after which the fatigue-crack appeared and 
spread. This afforded direct confirmation of the previous surmise 
that the initiation of fracture resulted from the further cyclic straining 
of a structure which had been initially disturbed by plastic deforma- 

tion; or in other words, while a certain amount of slip may have a 
strengthening effect, a greater amount may lead indirectly to the 
start of a crack. 

These researches had thus provided a great addition to exact 
knowledge of deformation under fatigue with regard to the geometry 
of the crystalline structure, but it seemed evident that the actual 

critical conditions of the structure at fracture still constituted a 
_ problem for which more refined physical methods had to be employed 
if quantitative data were to be obtained. 


Previous WoRK. 


In relation to the precise knowledge which has been recently 
obtained and which will be described later, it is of interest to recall 
that some of the very early work on single crystals, recorded in a 

Paper! published in 1926, gave rise to a tentative suggestion that 
deformation produced a distorted state of the structure in which 
adjacent elements were displaced relatively to each other, producing 
local strains in the lattice, and that the fracture condition was 
reached when these strains exceeded a certain critical value. This 
speculation arose from a consideration of the deterioration of the 
sharpness of the spots obtained in the X-ray analyses. Some years 
later, experiments made by Taylor and Gough? furnished some 
quantitative data of the conditions of the actual slip-planes of single 
~ erystals after the latter had been subjected to static tensile stresses, 
and also to cyclic stresses. These experiments showed clearly that 
the crystalline structure became distorted in an exactly similar way 
by both types of stresses, the nature of the distortion being very 
much greater along the direction of slip than in the transverse 
direction. 


14H, J. Gough, D. Hanson, and 8. J. Wright, ‘‘ The Behaviour of Single 

Crystals of Aluminium under Static and Repeated Stresses.”” Phil. Trans. Roy. 
Soe. A., vol. 226 (1927), p. 1. 

2 Footnote (1), p. 254. 
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By every indication, both observed and inferred, the elusive cause 
of the initiation of the fracture of ductile metals thus appeared to be 
a critical condition of distortion of the structure that was almost 
certainly sub-microscopic, demanding a further extension of the 
experimental methods previously employed. 

The scope of the inquiry having been narrowed in this manner, it 
was decided to study the problem by means of the method of X-ray 
diffraction, which had been greatly developed by physicists during 
the same period for the study of the solid state. The applicability of 
the method turns on the fact that by its very nature the phenomenon 
of X-ray diffraction arises out of the internal crystalline structure 
of matter, and is a process which is influenced directly and markedly 
by just those variations in the sub-microscopic structure to which one’ 
of the Authors had been led by the line of researches outlined above. 
Also, at the National Physical Laboratory precision methods had 
been developed,! the X-rays having been applied particularly to the 
nature, sequence, and influence of the changes occurring in the cold- __ 
working of metals, so that it was possible to concentrate at once on 
the influence of static and cyclic stresses on the inner structure of 
test-specimens, and to correlate the observations systematically with 
the process of deformation and fracture. The first phase of this 
research, in which the Authors became associated, was published in 
1936 2 and related to the behaviour of a normalized mild steel under 
five different modes of stressing. A further stage of the work has 
just been completed, and it is mainly with this that they deal in the 
present Paper. . 

Before going on to describe these researches, however, it may 
perhaps be as well to mention some aspects of the X-ray method 
of approach. It is not necessary to describe the method in detail 
since this is now well known, having been described, in particular, 
before The Institution in a recent James Forrest Lecture by Sir 
William Bragg 3 who, with Professor W. L. Bragg, has pioneered the 
subject in Great Britain for so many years. The features the Authors 

1 W. A. Wood, “Incidence of Lattice Distortion and Orientation in Cold- 
rolled Metals.” Phil. Mag., seventh series, vol. xiv (1932), p. 656. ans 

—— “ The Effect of Lattice Distortion and Fine Grain on the X-Ray Spectra 
of Metals.” Ibid., vol. xv (1933), p. 553. 

—— “ Lattice Distortion in Nitrided Steels and Theory of Hardness.” J bid., 
vol. xvi (1933), p. 719. 

‘came e Examination of Electro-deposited Nickel Coatings by X-Ray Diffrac- 
tion.” Ibid., vol. xx (1935), p. 964. 

2H. J. Gough and W. A. Wood, “A New Attack upon the Problem of 
Fatigue in Metals, using X-Ray Methods of Precision.” Proc. Roy. Soc. A., 
vol. 154 (1936), p. 510. 

* Sir William Bragg, ‘“‘ The Crystal and the Engineer.” Journal Inst. CE. 
vol. 6 (1936-37), p. 181. i 
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would wish to emphasize are those on which are based the particular 
ie applications with which they have been most closely concerned. At 
_ the same time they would like to make the point that, although by 
the X-ray method changes in a metal are not seen directly, but only 
indirectly, in so far as the changes affect an X-ray spectrum, yet the 
implications of the spectra may be regarded as definitely established, 
_ the process being as real to the X-ray worker as direct visual 
examination is to a microscopist. 


Some Errects OF DEFORMATION ON THE X-RAY 
DIFFRACTION-SPECTRA OF METALS. 


As used in engineering construction, a metal is an aggregate of 
erains possessing the same crystalline structure ; in an ideal metal 
each grain would be a perfect crystal with the constituent atoms 
accurately arranged according to a definite spatial pattern on a 
scale which can be measured. In virtue of the crystallinity a family 
of planes can be found, each constituted by a layer of atoms in a 
_ fixed geometrical pattern and separated by a constant distance d, 
~ which is the distance perpendicular to the planes at which the same 
_ pattern is next repeated. Various families traverse the crystal, with 
characteristic spacings, and the important feature, as far as the 
_ X-rays are concerned, is that each family will reflect an incident 
beam of wavelength A at certain angles given by the Bragg law 
2d sin O=nA, where is an integer, and @ denotes the angle of 
incidence and reflexion. The exact details will be found in the works 

_ referred to 1,2, For the present purpose the important point is that 
it is possible to use any family of atomic planes as a mirror for an 
_ X-ray beam, and thus to have available a means of judging the inner 
perfection or imperfection of the grain on an atomic scale, merely by 
studying the sharpness and other features of the X-ray reflexions. 
‘Figs. 1 (a) illustrates the simplest case of reflexion by @ grain in 
which the family of planes depicted run parallel from end to end of 
the grain, as they must in a perfect undistorted crystal. The perfect 
_ erystal thus gives a sharp image of the X-ray source (assuming proper 
experimental conditions), and, if a point source were used,.a sharp 
spot would be recorded on a suitably-placed photographic film. 
_ Even if the incident beam were somewhat divergent, as in practice 
_ it always is, the reflexion would still be sharp since, according to the 
_ Bragg law, the planes automatically select from the beam for reflexion 
only those rays which make the correct angle 0 with the planes. 


1 Footnote (8), p. 256. 
2 W. L. Bragg, “‘ The Crystalline State.’ London, 1933. 
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dislocated into two components inclined to one another ; the tilted 
fragment now makes the angle @ with another bundle of rays 
previously reflected, so that two reflexion spots would be recorded. — 

As the grain becomes further broken down, the reflexions would 
become more numerous and drawn out into a continuously extended _ 
reflexion. This is to be expected from the analogy of reflexion by a 
fragmented mirror; but, compared with the optical case, there is 
the limitation imposed by the Bragg law, according to which the — 

reflected beams must always be deviated through the same total 
angle 20 fixed by the spacing d of the planes. This confines the 


Figs. 1. 


(b) 


(a) The perfect crystal selects from a divergent beam the ray inclined at the _ 
reflecting angle @ and gives a sharp reflexion. = 

(6) The broken crystal possesses facets which may be inclined at the angle @ 
to divergent portions of the beam; the reflexion is not sharp. (The effect is 
exaggerated for illustration.) 


REFLEXION BY A PERFECT AND BY AN IMPERFECT CRYSTAL, 


spread, in space, to the surface of a cone about the direction of the 

incident beam and with half-angle 26, or, on the photographic film, 
to an are or ring (Debye ring) where the cone cuts the film. Thus it 
will be seen how the spreading of the reflexion in this way shows at 
once the extent to which the grain may be fragmented or broken up 
and, since, in special cases such as electro-deposited chromium, 
particles may be as small as 10-6 or 10-7 centimetre, and still give 
reasonable reflexions (according to experimental conditions), it will 
also be seen how the dispersion can be followed beyond the limits of 
the microscope. If the fragmentation results in an entirely random — 
distribution (with respect to the orientation of the original crystals) — 
of crystal-fragments, then the reflected beam could form a complete : 
ting. This type of change can be magnified by using special tech- — 
niques,! but the above remarks will make the principle clear, 
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1 W. A. Wood, ‘“‘ The Variation with Temperature of the Thermal Condaee 


tivity and the X-ray Structure of some Micas. II—The X-ray E ination of 
the Structure.” Proc. Roy. Soc. A., vol. 163 (1937), p. 190. it sve 
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In contrast to the elongation of a reflexion along the diffraction- 
_ ring a radial diffusion may arise in certain circumstances and may 
cause a sharp line to diffuse into a broad band. This would occur, 
for instance, if the same family of planes in the different reflecting 
erystal-fragments, owing to local inhomogeneous stresses, were 
compressed or dilated so that the spacings varied from d to d+éd. 
Then the reflexions would range over the corresponding range of from 
6 to 6+80. The permissible extents to which this effect could 
occur can be estimated from knowledge of the elastic constants of 
the metal : at nominal stresses within the observed rupture-strengths, 
these amounts can only be small. 

Radial broadening on a more pronounced scale may also arise 
when the size of the crystal-fragments becdmes very small. The 
X-ray reflexion from a family of planes is the resultant of the con- 
tributions from each of the planes to which the incident beam 
penetrates. It is the interference of these contributions which 

confines the reflected beam to the directions imposed by the Bragg 
~ law, and the sharpness with which the reflected energy is concentrated 
in these directions, other things being equal, is simply proportional 
- to the number of co-operating planes, and therefore to the size of 
~ the fragment. With customary experimental dispositions, broaden- 
ing of the line due to this effect begins when the fragment is less than 
~~ about 10-4 centimetre, and thereafter increases in inverse proportion 
to the linear size, thus providing a valuable and sensitive means of 
estimating particle-size beyond the limits of microscopy. 
Finally, the Authors would refer to a further modification which 
is concerned more intimately with the structure of fragmented 
metal when in a condition of severe internal stress. This may be 

illustrated by Figs. 2 (a), where a family of reflecting planes intercepts 
the paper in the parallel lines P. Each plane represents a layer of 
atoms, and if these were points lying rigidly on the planes, the 
traces P would simply be lines as drawn. Actually, however, the 
atoms are positive nuclei at the centre of a characteristic distribution 
of negative electrons, which in a free atom may be regarded for all 
_ practical purposes as being confined to a sphere of action with a 
- definite radius. The formation of the crystal may be considered as 
a packing of these spheres with minimum energy, fixing the arrange- 
ment and spacing of the atomic planes, and the equilibrium of the 
structure being obtained as the result of the interaction of the 
- positive nuclei and the atmosphere of the negative electrons. 
Electrons appreciably effective in controlling this equilibrium will 
be the outer electrons furthest from the over-riding influence of the 
nucleus. These points were mentioned before passing on because, — 
after all, in any study of deformation and fracture, the two ultimate 
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factors will always be these forces holding the atoms together, and 
holding together the crystals or crystal fragments. The influence of 
the outer electrons on the equilibrium of a structure was implicitly 
recognized first by Hume-Rothery } in work on alloys where, othe 
things being equal, it becomes a factor determining the phase or 
structure which the associating atoms prefer to take up. The well- 
known effect of cold-working in changing, or in lowering the tem- 
perature required to produce a change in, the phase of an alloy, 
may be considered a related phenomenon where a preliminary 
instability of a structure is brought about by distortion. Itisthusa 
matter of particular interest that the X-ray spectra are controlled 
directly by the distribution of electrons about the atomic planes. 
This distribution will have a statistical average arrangement which 


Figs. 2. 


(a) (b) 

(a) The curves represent (arbitrarily) the mean electron-distribution between 
the atomic planes P of a perfect crystal. 
(b) The curves illustrate the diffusion of the mean electron-distribution which — 
would result from a staggering of the atoms from their correct positions on 
the planes. 


has been represented diagrammatically by the projected curves to 
the left side of the planes depicted in Figs. 2(a). It is evident that, 
in calculating the intensity of a reflexion, formed by adding the 
components scattered by the electrons, the contributions of the 
electrons away from the peaks will be out of step with those from 
the peak itself, and that, @ priori, the shape of the distribution- — 
curve will therefore affect the intensity of the recorded X-ray 
reflexions. It will be noted that the positions (values of 6) of the 
spectra are not changed, since the periodicity of the planes is 
unaltered ; nor is the radial breadth of the lines affected, since this — 
depends on the number of planes only. It is merely that less energy 

is concentrated in the spectral lines themselves and more is scattered — 
generally into the background of the spectrum. The application to 
the structure of a crystal-fragment when in a state of internal stress _ 


- LL, 
* W. Hume-Rothery, “The Structure of Metals and Alloys.” Inst. Metals 
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is illustrated by Figs. 2 (b), where it is supposed that, as a result of 
local stresses, the atomic planes are distorted and the atoms, instead 
of being centred on the planes, are slightly staggered permanently 

about their mean positions. The projected electron-distribution 

possesses peaks which are now less sharp, as shown at the left of the 

figure. It has been shown by Hengstenberg ! that quite a small 

displacement of this type will affect the spectra quite appreciably : 
- it will, of course, be realized that, assuming the usual stress-strain 
~ relations, quite a small change in the interatomic distance could be 

associated with considerable internal stresses. This brief discussion 

of the effects of the presence of internal strains in the crystalline 

structure on the efficiency of diffraction of the X-ray beam is of vital 
_ importance in connexion with the results of the recent experimental 
_ work to be described. ; 

Now in the deformation of metals the ideal grain is of less concern 
than the disturbances produced by external stresses, and it will be 
sufficiently clear, without going into any further detail, that in the 
X-ray method there is a means of showing up such disturbances in a 
more fundamental domain than previously has been accessible. It 
is hardly necessary to add that much requires still to be done in 
technique and in interpretation. The main principles, however, are 
clear, and it may be claimed that the following work, by utilizing the 
method, has permitted for the first time a really full and systematic 
survey of the process of deformation and the conditions at fracture of 
ee an industrially-important material under both static and fatigue- 
- conditions. 


PANE SSE POREN UNC es 


DEFORMATION AND FRACTURE OF A Mitp STEEL AS 
OBSERVED BY X-RAY DIFFRACTION. 


2 A brief summary will first be presented of the first stage of the 
work (1934-35), which dealt with the fracture of mild steel in the 
normalized condition, so as to be able better to explain the logical 
extension to the later work which is described in more detail. 


Fracture under Static Loading. 


The first case was of specimens deformed under progressive static 
loading until fracture took place. Especial care was exercised to 
start with material which initially was free from distortion and in 
which the individual grains were in as near approach to the perfect 


: ~ state as can be obtained in practical crystals. This involved excep- 
tional care in the preparation of specimens, and in etching away the 


1 J. Hengstenberg, “ Lattice-distortion in light metals.” Zeit. fir Blek- 
 trochem., vol. 37 (1931), p- 524. 
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machined surface, so that the surface exposed to the X-ray beam 
consisted entirely of perfect, unbroken grains, a point of some 
importance since previously most X-ray work had been on metals 
in which the structure of the grains was initially in an uncertain 
condition. The X-ray reflexions then gave lines or rings (actually 
the experimental disposition was such as to secure a complete ring 
from a characteristic family of planes) which consisted of sharp | 
separate spots, each spot being a reflexion from a grain in the volume — 
penetrated by the X-ray beam. In any but an exceptionally fine- . 
grained metal this spotted type of ring is, with usual experimental 
arrangements, characteristic of the normalized, stress-free, state of 
the metal: an example is shown in Figs. 3 (a) (facing p. 266). 

Specimens subjected to increasing static tensile loading and 
examined at intervals gave the following results: up to the limit _ 
of proportionality, which for this steel was 14 tons per square inch, 
no alteration in the nature of the reflexions took place, but at that : 
point occasional reflexion-spots showed evidence of elongation along — 
the diffraction-ring in the manner described, thereby indicating the 
dislocation of the corresponding grains into smaller fragments with 
varying inclinations. It is desired to make it quite clear that, at 
every stage, the process of fragmentation was of a dual nature, 
resulting in (a) a number of relatively large portions of crystal, 
whose orientation did not differ very greatly from that of the original 
grain, giving a “ dislocated grain’ and, simultaneously, (b) a very 
much greater number of fragments of a very small and definite size, 
possessing random orientation, to which the specific term “ crystal- 
lites” is applied for the reasons mentioned below. At the yield- 
point, at a stress of 16 tons per square inch, this effect extended 
suddenly and markedly to all the grains. On further loading the 
effects became still more pronounced, especially in respect of the 
number of widely-oriented crystallites into which the initial grains 
were disintegrated. Then, when the fracture-stage was reached, 
there was a further rapid increase in the formation of crystallites 
until at fracture the specimen behaved to the X-ray beam as a 
medium of randomly-oriented crystallites in which all traces of the 
original grains were submerged. Without going into details, which 
are set out in the original Paper,! the Authors would like to 
emphasize two important points. 

The first is concerned with the size of the crystallites. From the 
formation of the continuous diffraction-ring and from the radial 
broadening, it is possible to show that the fragmentation of the grains, 
originally about 10-2 centimetre in size, produces crystallites of size 
10~4 to 10-5 centimetre right from the onset of permanent deforma- 
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tion ; at no stage, however, does the fragmentation result in measur- 
able further disruption to a smaller size (not even in such a process 
_as cold-rolling, when extreme deformation can be produced, are the 
erystallites broken down indefinitely ; * in this connexion, it must 
pe remembered that the X-ray method is particularly sensitive to 
changes in particle-size between 10-4 and 10-7 centimetre). This 
most interesting process of fragmentation, shown so clearly and 
definitely by X-ray evidence, suggests the original presence in the 
erystals of some form of intrinsic weakness, permitting with reason- 
able ease a dispersion of the structure into the crystallites, which then 
‘resist further fragmentation much more strongly ; other observations 
of an entirely different nature have led to a similar conclusion, 
resulting in various theories to which previous reference has been 
made. 
The second point is the wide divergence in orientations of the 
_ erystallites produced. It has been recognized from X-ray work ? on 
- non-metallic crystals, such as rock-salt and calcite, that large 
_ crystals may consist of mosaics of crystallites, but the orientation of 
these blocks does not differ greatly from that of the parent crystal ; 
- the deviations in the metallic crystallites as now observed, which 
~ may exist and still preserve coherence, are entirely of a different 
order. Thisis a special characteristic of the metallic state, overlooked 
ke in many current theories of plastic deformation, and is probably 
responsible for the fact that the possible plastic deformation of a 
metal is also of a totally different order from that exhibited by other 
 erystalline materials (except for occasional very special cases). 
_ Similar experiments were made using static compression and. tor- 
gional stress, with identical results. All these experiments revealed 
_ the characteristics referred to above and showed that the fracture- 
stage was that at which the fragmentation of grains into a distorted 
crystallite formation had proceeded to the extreme. It was as if the 
metal accommodated itself to the overstrain by means of this dis- 
sociation of the grains, and that the fracture started where the dis- 
location was locally complete and the accommodation was utilized 


~ to the full. 


| Fracture under Fatigue Loading. 

The case of specimens fractured by fatigue may now be considered. 
_ The essential difference between the fracture produced by static and 
cyclic stressing is that, in the first process, failure occurs as the 
+ of a progressively increased stress, whereas, in the 


1 Footnote (4), p. 256. 
2 Footnote (2), p. 257. 
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second, failure occurs as a result of many repeated applications of 
the same cycle of stress, even though either stress-limit of this cycle — 
is much less than the value required to produce fracture by a single — 
application. It was, therefore, of great interest to examine the 
structure of representative specimens subjected to cycles of stress, 
on the one hand just less than the limiting range of stress, and, on 
the other just exceeding this range, and to make the examination at _ 
regular intervals during the history of the specimens. Also, by | 
choosing various values of the mean stress of the cycle it was possible — 
to produce fracture under conditions (a) where the upper stress: ; 
limit was less than the static yield-point and, hence, the deformation — 
of the specimen as a whole was negligible, and (b) where the upper 
stress-limit exceeded the yield-point and the specimen, as a whole, — 
deformed considerably under safe and unsafe ranges alike. In this — 
way, the effects of plastic deformation and true fatigue were studied _ 
separately and independently. Various types of cycles of both 
torsional and direct stresses were investigated in this way. The 
results showed that after allowance had been made for the effects of — 
the application of the superior stress of the cycle, the repeated 
application of a safe range of stress produced no further change in 
the crystalline structure of the test-specimen. If, however, the stress- 
cycle were such as to lead to fatigue-failure, then the behaviour was _ 
quite different. The specimen exhibited a progressive fragmentation 
of the crystalline grains which was, essentially, exactly the same in 
kind as that produced by the static deformation and fracture 
previously discussed. The degree and rate of production of the 
breakdown depended on the extent by which the applied stress- 
Tange was in excess of the limiting fatigue-range: as this excess 
increased, so the rate of deterioration of the structure also increased, — 
and thus the limiting condition of fracture was attained in a smaller 
and smaller number of cycles. There was thus made available, and 
for the first time, a physical means of differentiating between the 
effects of safe and unsafe ranges of stress, and, moreover, a demon- 
stration of a physical process which accounted entirely for the 
familiar form of the usual curve of stress-range versus number of 
repetitions. In the region of the fatigue-failure, the structure was 
broken down just as much as in the specimens fractured under static 
load, the X-ray photographs showing a completely continuous, 
diffuse diffraction-ring. This breakdown was greater than any 
which would be accounted for by the local deformation caused by 
the crack itself, since the experiments were arrested before the 
fatigue-crack had attained any appreciable size. : 
Now although it is evident that the fracture-stage is associated 
with the fragmentation occurring in the manner indicated, it does 
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not follow that the failure is due to this effect. The experiments on 
the static deformation showed that an increase in load produced. 
further breakdown of the grains until equilibrium with the added 
load was established, so that the fragmentation is actually intimately 
connected with the effect of strengthening or strain-hardening. The 
evidence is rather that fracture occurs when the strengthening due 
to this process is locally exceeded, and in this respect attention may 
‘be drawn to one difference between fracture under static and fatigue 
failure, namely that, in the former, practically the whole of the 
material appears to arrive simultaneously, or nearly so, at the 
extreme condition of fragmentation, whereas, in the latter, that 
condition is localized, leading to the formation of a relatively small 
number of fatigue cracks. Nevertheless at each such local point of 
failure, the structure was in an exactly similar condition to that 
broken under static loading. 


| Further Experiments on Cold-Worked Material. 


Although these experiments had thus provided so much new and 
~ consistent evidence, the Authors were not satisfied that the fracture- 
; stage vepresented merely a state of fragmentation ; consideration 
of the well-known increased strength and hardness conferred on 
~ ductile metals by cold-working processes is sufficient to raise some 
. doubt on this point : also, certain observations made in the experi- 
ments suggested that, at the fracture-stage, severe internal stresses 
were also present. It was therefore considered that further light 

would be directly thrown on this very important aspect of the 
— problem by the investigation of a mild steel similar in composition 
to that already studied but possessing initially a structure which 
already had been reduced to the fragmented condition, a condition 
_ which is to be obtained by preliminary cold-working of the material. 
A supply of normalized mild steel was therefore obtained, some of 
_ which was cold-worked by rolling so that a reduction in cross- 
sectional area of 49 per cent. resulted. The structure of this cold- 
~~ yolled material was found to be entirely fragmented in the sense 
explained above, and was therefore particularly suitable for the 
24 extension of the investigation since the characteristics of deformation 
and fracture were unlikely to be confused by further fragmentation. 
‘The opportunity was also taken, in this second phase of the work, to 
make a further study of the pehaviour of the steel in the normalized 
state but utilizing a technique which had been improved in the 


interim so as to permit examination of identical grains through 


successive stages of an experiment. 
Throughout these further experiments, the fatigue method of 


per cent. 
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testing was used, and, of the various types of cyclic stressing avail- 
able, choice fell on that of reversed direct stresses since, by this 
method, specimens of the present material can be fractured withou 

undergoing any appreciable change in external shape or dimensions. 
As a consequence the effects observed may be regarded as being due 
almost entirely to fatigue-action alone, and as being free from th 
complications which would be introduced by a superposed resultan 
permanent deformation. 


Experimental Data. 
Before considering the results the principal experimental da 
may be recorded. 
Material.—The mild steel (N.P.L. reference-mark JPH) had the — 
following percentage composition: carbon 0-12, silicon 0-22, man 
ganese 0-62, sulphur 0-008, phosphorus 0-018, nickel 0-06, chromium 
trace. This was stated by the makers to have been normalized at 
900° C., whilst metallurgical examination at the N.P.L. showed 
that the structure was typical of a low-carbon steel in the hot-rolled 
condition. The cold-worked material was obtained by cold-rollin 
the normalized material from an original diameter of % inch to a 
diameter of 3 inch, giving a reduction in area of 49 per cent. 
Static Tensile Properties—(1) Normalized Steel: Upper yield- 
stress, 18-0 tons per square inch ; lower yield-stress, 17-2 tons per _ 
square inch ; ultimate tensile strength, 28-2 tons per square inch; _ 
breaking stress (on final area), 68 tons per square inch ; elongation at 
fracture (on 4-inch gauge-length), 334 per cent.; reduction of area 
at fracture, 72 per cent. 
(2) Cold-Rolled Steel: No yield-point ; 

ultimate tensile strength, 56-6 tons per square inch ; breaking stress 
(on final area), 73 tons per square inch; elongation at fracture (on 
3-inch gauge-length), 5 per cent.; reduction of area at fracture, 51 


Fatigue Endurance-Tests.—For each condition of the steel a series 
of endurance-tests was first carried out to establish, in the usual way, 
the limiting range of stress above which fracture of a specimen took 
place after a certain number of cycles but below which a specimen 
was safe after an indefinitely large number of cycles. These tests 
were made without interruption. Then, the critical range having 
thus been determined, further specimens of each type were tested at 
stress ranges slightly greater and, also, slightly less than this range, 
each test being interrupted at regular intervals, usually after 0, 
9030106, (105 108» eirake cycles, when an X-ray examination was 
made in order to permit of a study of the progressive changes in 
structure which might have occurred. The slight periods of rest 
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involved by interruption of the tests were found to result in a slightly 
increased fatigue-limit, but such an effect was immaterial to the ob- 
ject of the research, although revealing the interesting property of 
“ recovery ” for future detailed examination. 

The limiting fatigue-range of the normalized material was found to 
be clearly defined at +-11-6 tons per square inch and that of the cold- 
worked material at --19-7 tons per square inch: the relevant stress- 
endurance curves, plotted to logarithmic co-ordinates, are given as 

Fig. 8 (facing p. 268). 

__ It is unnecessary to describe in detail the results of all the tests 
and examinations that were made. The behaviour of a few typical 
specimens will reveal the principal new facts disclosed by the research. 

(A) Material in the Normalized Condition.—A specimen (reference 
211) was subjected to a safe stress-range of +11} tons per square 

inch and was examined after 0, 103, 104, 10°, 10° and 10? cycles had 
been applied. In the initial state the specimen gave a diffraction- 
ring consisting entirely of sharp reflexion-spots, Figs. 3 (a), showing 
that the material consisted entirely of large perfect grains. Every 
subsequent photograph gave similar diffraction-rings which were 
_ exactly identical, spot for spot as shown in Figs. 3(b). In view of the 
large number of reflexion-spots involved, this result, using the later 
technique, thus showed with a degree of sensitivity not hitherto 
employed that the repeated stress-cycles are entirely without 

appreciable effect on the crystalline structure ; progressive deteriora- 
- tion is entirely absent and the specimen can safely withstand an 
- unlimited number of applied stress-cycles. 

_ Another specimen (reference 2412) was tested at a stress-range of 
_+12 tons per square inch (a range slightly exceeding the fatigue- 
range) and was examined after 0, 103, 104, 105, 106, 2x 10%, 3x 10°, 
4106, 107 and at 3-03 x10? cycles, when fracture occurred. The 

initial photograph, Figs. 4 (a), gave the sharp separate reflexion-spots 

characteristic of the normalized material. After 10° cycles (Figs. 
 4(b)), however, the X-ray photograph showed a complete change 
in the identity of the spots recorded, thus indicating at once 
a disturbance of the crystalline structure of the specimen. Further 
~ changes of this type occurred after 104 and 10° cycles, but thereafter 
slowed down to such an extent that the slightest differences only 
~ existed until 107 cycles, when a further change in identity of the spots 
~ took place which was again very marked when examined at fracture 
(Figs. 4 (6) and (d)). This test was very informative in indicating 
that the rate of modification of structure decreased as the test 
- proceeded until a stable state is approached but not quite reached ; 
| the rate of change accelerated during the last stages of test, and — 
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A specimen (reference 2A15) tested at a stress-range of +13 tons | 
per square inch fractured after 5-504 10° stress-cycles had been 
applied. It is unnecessary to go into the changes produced in this 
case as they were similar to the preceding, except to mention that — 
with the increased stress-range the progressive changes did not slow 
up to anything like the same extent as in the case of specimen 
2A12. 

It is known from the previous work that higher stress-ranges — 
would have produced more marked, easily visible, and accelerated 
changes. The above tests showed that even only just above the | 
limiting range effects of the applied stress-cycles on the crystalline 
structure could be definitely established. These effects, identified — 
with the disappearance of some reflexions and reappearance of — 
others, are early stages of the dislocation and fragmentation des- 
cribed previously causing relative movements of the grains: they 
show, however, that when the limiting range is only just exceeded the 
fragmentation must be confined to occasional grains. | 

(B) Material Tested im the Cold-Rolled Condition—A specimen — 
(reference 1A8) was subjected to a safe stress-range of +194 tons per 
square inch and was examined after 0, 103, 104, 105, 106, 107 and _ 
1-107 x10? cycles when the test was discontinued, the specimen — 
being unbroken. The initial photograph, Figs. 5 (a), gave a 
continuous diffuse diffraction-ring characteristic of a material in the _ 
extreme fragmented condition. The photographs at the successive _ 
stages of the test showed no noticeable modification of any kind 
(Figs. 5 (b)) so that the cold-worked material appears to obey the 
same essential criterion for safety as the normalized, namely, absence _ 
of progressive change. 

A specimen (reference 1A10) was subjected to an unsafe stress- _ 
range of +204 tons per square inch and was examined after 0, 103, 
104, 105, 108, 2106, 3106 and 1-:1374107 cycles, when fracture 
occurred, The initial state, Figs. 6 (a), was similar to that of the 
previous specimen. After 103 cycles, however, the X-ray photograph 
showed a marked drop of intensity relative to the background, 
Figs. 6 (b). Little change then was noticeable until 106 cycles, when 
a further drop in intensity occurred which was continued at the sub- 
sequent stages of test (Figs. 6 (c), and 10, facing p. 271), until finally 
the diffraction-ring was only just discernible from the background of 
the photograph. An examination of the accompanying X-ray 
photographs will show clearly the progressive changes which occurred 
in the structure, but such photographs are difficult to reproduce in 
exactly comparable conditions. It is therefore desirable to record 
that microphotometer measurements of the magnitude of the changes 
m intensity were made from the original films, Means were taken 
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to avoid variations in experimental conditions in obtaiming the 
‘negatives and in the after-processing. The following quantitative 

“measurements of differences in density between the peak of the 

-diffraction-ring and the background were obtained, which not only 
reveal the very great final drop in intensity, amounting to 86 per 
cent., but also indicate, clearly, the slowing-up of the change between 
the early and later stages of the test. 


Number of cycles ; | 0 108 104 10° 108 | 2x10° | 3x 10° 
; Intensity-difference . | 0-21 | 0-14 | 0-13 | 0-13 | 0-07 0-05 0-03 
; ee EE 
“Thus the effect of the unsafe range of stress is to produce a distinct 
- modification of the structure. 


CoNCLUSIONS. 


The changes were therefore of the nature of those discussed in the 
- final case in the previous section dealing with the effects of deforma- 
~ tion on the X-ray spectra ; it was there indicated that if, owing to 
local stresses, the atomic planes became distorted in a way causing 
| slight but permanent displacements of the atoms from their normal 
~ mean positions, then the effect observed above would be produced. 
/ The implication of this effect, in connexion with the main problem 
of fracture, was also discussed in that section, the important point 
being the bearing of this type of distortion on the equilibrium of 
~ structure of the metal. 
_ These experiments thus appear to have established a further 
important step in the understanding of the problem of fracture. 
The earlier investigation showed that permanent deformation of the 
metal produces a peculiar “ crystallite-formation’”? and that a 
" fracture stage becomes imminent when the fragmentation represented 
__by this formation has been carried, at least locally, to the extreme. 
In addition to this, it would appear, from the later work, that 
-externally-applied stresses are capable in certain conditions of 
2 producing severe internal strains and distortion of the crystallites 
jn a manner which may be expected to affect the stability of the 
atomic structure, and it is in this factor that is seen the possibility 
‘of an explanation of ultimate fracture, more fundamental than any 
that has hitherto been attainable. It may be that the Authors 
i fortunate in their selection of material and experimental 


-/to be done, but from further results already in hand, involving 
studies on other metals and on large single crystals, and from the 


and it is certain that much development-work requires 
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background of other data bearing on the problem, there can be ne 
doubt that the underlying explanation of the deformation — ‘ 
fracture of metals will not be essentially different from the one 
that they have attempted to present in this Paper. 
For one metal at least, and that a metal of considerable importance 
to engineering construction, the fracture stage, irrespective of the 
type of applied loading, appears to be a condition of extreme frag 
mentation into a mass of crystallites of a definite critical size, these _ 
crystallites being in a condition of severe internal stress or strain. | 
A typical example of a fatigue-fracture as seen by the eye is | 
reproduced in Fig. 7. Some of the well-known but curious charac- 
teristics of fatigue as revealed by mere mechanical tests will be 
_ recognized in the simple diagram of Fig. 8. Some of the aspects of © 
fatigue, as made available by the metallurgical microscope, are 
typified by Fig. 9, while the condition at fracture, as now disclosed 
by X-ray methods of precision, is reproduced as Fig. 10. The fore- 
- going account of the correlation of these various characteristics, — 
made possible by the researches referred to, will, it is hoped, prove 1 
to be of interest to The Institution. | 


The Paper is accompanied by three sheets of diagrams and fourteen | 
photographs, from which the Figures in the text and the two half-_ 


tone page-plates have been prepared. 
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Discussion. 


Professor CO. E. Ineuis said that the thoughtful and stimulating Professor 
per which the Authors had submitted was a very fitting sequel to vee 

s James Forrest Lecture given by Sir William Bragg at the end of 

s last session of The Institution. By X-ray analysis of a funda- 

sntal character the Authors had answered many questions relating 

the deformation and fracture of metals. 

Tt was possible that in certain directions he might be misinter- 

sting the interesting phenomena recorded in the Paper, but it 
peared to him that the salient point which emerged was that a 
ecimen of steel when on the verge of breakdown had its crystal- 
ains, at any rate in the neighbourhood of the fracture, reduced 
-a disorderly array of very minute particles termed crystallites, 
ose crystallites being of the order of 1 /100,000 inch in size, and 
such quite beyond the range of microscopic detection. In a 
srmalized specimen which was tested to destruction by a gradually 
ereasing load, that fragmentation into crystallites progressed 
pidly as soon as the plastic stage was reached, and, as the load 
ereased from the elastic limit to the ultimate breaking point, the 
agmentation became more and more complete. From that 
rogressive replacement of orderly crystals by a disorderly array of 
ystallites the material seemed to derive increased strength, but 
rentually a stage was reached when, the fragmentation being 
mplete, no further assistance could be obtained in that manner, 
nd the end was at hand. As was pointed out in the Paper, however, 
iat was not the whole story. Whereas a condition of complete 
agmentation into crystallites appeared to be always the precursor 
f fracture, the converse (namely, that fracture followed immediately 
pon a complete state of fragmentation) was not true ; for example, 
1 the case of cold-drawn wire the fragmentation might be complete, 
A yet the material had a great reserve of strength. In fact, the 
J 


story of a specimen of cold-drawn wire tested to destruction 
semed to begin just where it might be said that death supervened 
= ae 
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in the case of a normalized specimen. The difference between thi 
two cases was due to the mysterious phenomenon called wo 
hardening, which was highly developed in cold-drawn material, a 
also developed, though in a lesser degree, in normalized mater 
tested to destruction. Until that phenomenon was explained, 
elastic limit, plastic deformation, and ultimate breakdown wo 
remain unfathomed mysteries. The Authors stated that they hi 
as yet no explanation to offer, but he would like to know whe 
any light was being thrown on the problem by X-ray analyss 
in particular, had the Authors any positive or negative evider 
available regarding the existence of the “ amorphous layer” sw 
gested by Sir George Beilby ? In recent years Beilby’s theory of t 
amorphous layer had fallen a good deal into disrepute, but he hi 
recently come across one or two eminent metallurgists who wel 
apparently inclined to revert to it ; they did so, he thought, becat 
that theory, more naturally than any other theory that had bes 
presented, made it possible to take into account the way in whi. 
elastic limits, plastic deformations, and ultimate stresses we 
dependent upon the rate of loading, which was nowadays found | 
be a most important consideration. Crudely expressed, Beil 
theory of the amorphous layer suggested that when a material 


subjected to cold working the crystals or crystallites were ial 
extraordinarily forcibly against one another; when they weé 
compelled to slide, the abrasion was such that points of contas 
momentarily fused or liquefied, giving rise to a vitreous amorphonu 
layer which was probably a good deal stronger than the crystal : 
themselves. The crystallites, being embedded in a matrix of thi 
amorphous material, would achieve greater strength, in the san 
way as glass or concrete could be reinforced by wire nett 4 
Perhaps that theory might yet account for the mystery of 7 
hardening. . 
There was one other point on which he desired to touch. Throu 
the replacement of orderly crystals by a disorderly array of crysté 
lites, material even in its normalized condition seemed to deriv 
additional strength, and that would suggest that for great strengt 
a material was required which was of an amorphous description 
a solidified fluid which was entirely devoid of any of the planes c 
patterns associated with a crystalline structure. He believed tha 
non-crystalline amorphous materials might soon be produced o 
such extreme strength that the strongest and toughest steel woule 
seem weak in comparison ; synthetic materials of a non-crystallin 
character could already be produced, which on a comparison on t 
basis of weight were much stronger than the toughest steel. Ther 
were many natural products also which could achieve the sam 
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sult; for example, a spider’s filament had a tensile strength of Professor 
out 70 tons per square inch, but, in so far as it was only one-eighth Angi. 
the weight of steel, on a basis of weight it compared with a 
sel which had an ultimate tensile stress of 560 tons per square inch. 
vain, considering a synthetic material, glass, if it were not for a 
perficial layer which was weak in tension, would certainly have a 
sistance of the order of 500 tons per square inch; even now, by 
tting the outside of the glass into an initial state of compression, 
that that weakness of the superficial layer was neutralized, a 
aghened glass was produced which was comparable in strength 
th a high-grade steel. It certainly seemed possible that at a date 
bt many generations ahead steel might cease to be pre-eminent as a 
ructural material, and, just as humanity had passed through the 
one and bronze ages, it might even now be nearing the end of the 
on and steel age. 
Dr. W. H. Harrreip remarked that he was not quite convinced Dr. Hatfield. 
y the new proposals which the Authors had put forward, although 
» did not share Professor Inglis’s view, for instance, with regard to 
ne amorphous layer. He felt that in the light of modern know- 
dge it was extremely unlikely that the amorphous phase could 
ersist in metals in the cold. Consideration of that view, however, 
od him to a very important point on which he would like to join 
sue with the Authors. Dr. F. P. Bowden, at Cambridge, had 
ecently carried out some very interesting experiments on the 
emperatures resulting from the abrading together of two metallic 
urfaces, and had clearly demonstrated that even in the case of 
eel temperatures were achieved in the neighbourhood of the 
nelting-point of the metal—that discovery had thrown great light 
n the question of seizing. The occurrence of those high tempera- 
res suggested that the conditions of the Authors’ X-ray diffraction 
ests might be open to criticism. He presumed that the specimens 
vhen tested were at rest and taken from the machine. In that case, 
he spectra would not show the atomic arrangements of the material 
under the precise condition at which it would fracture, when high 
ocal temperatures might exist; they would actually show the 
sondition after equalization of temperature. He would suggest that 
probably during the process of fatigue very intense temperatures 
were reached in layers only a few atoms thick on the slip planes. 
Under the existing pressures, temperatures well below the normal 
melting-point might give rise to liquefaction, which on cooling. or 
reversal of stress would lead to recrystallization. (He did not 
nsider it possible that the condition of the under-cooled liquid, 
hich Professor Inglis put forward, would ever arise.) He would 
sk the Authors what difference was likely to result in their 
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deductions from the important fact that they had studied bt 
specimens after taking them from the machine. ‘ 

Since he visualized in cold-worked metals such a complex set 
conditions, and since he held that the Authors had been studyn 
the ultimate result of the whole reaction, including cooling-doy 
and rest, up to the time at which they had taken the X-ray photi 
graph, he was faced with another difficulty, namely, that it seema 
very strange that the crystallites resulting from fragmentation ha 
a uniform standard dimension, apparently of the order of 1/50,00 
centimetre. Why should the results of fragmentation ultimately k 
of the same dimensions? In that connexion, why did the Authos 
use the term “ fragmentation’? It suggested a breaking-up inti 
fragments. If, however, the matter were considered in three dimer 
sions, it would be appreciated that none of the atoms ever got fe 
enough apart during the process of “ fragmentation ”’ for there 
be any space between the so-called fragments. Would not # 
process be better described as a re-orientation within the crystz 
from different centres ? 

The Authors had cold-worked their mild steel to give a tensil 
strength of 50 to 60 tons per square inch, but the same steel mig 
be cold-worked to give a tensile strength of 112 tons per squat 
inch. Was it to be assumed on the Authors’ theory that whe 
the material was only cold-worked to give 50 to 60 tons pe 
square inch only a certain proportion of the crystals were brok 
down to the so-called fragment size ? Was it to be assumed that t 
ultimate tensile strength, say 112 tons per square inch, was obta 
with complete fragmentation? He was led to ask that question 
because Dr. Gough in his introductory remarks had mentioned tha 
when a specimen had been broken in torsional fatigue at a stress 0 
-+ 9-7 tons per square inch the proportion of crystals fragmenté 
had been found to be 69 per cent. If at fatigue failure unde 
9-7 tons per square inch there was a fragmentation of 69 per cent 
he did not see how it would be possible to account by fragmentatio: 
for the ultimate strength of 112 tons per square inch that might b 
obtained by cold work. 

He was very pleased indeed to see the data given by the Author 
regarding the effect of cold work on mild steel. Some time ago h 
had claimed that the strength was increased in tension as in com 
pression; that had often been debated and challenged, but th 
Authors had now shown that the safe fatigue-range could be rais 
from 11 to 19 tons per square inch by cold work. 

In the last paragraph of p. 252 the Authors gave a schedule ¢ 
factors that had to be studied in relation to fatigue-failure ; or 
important factor was, however, omitted. It was necessary to tal 
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to consideration the effect of time under service conditions upon Dr. Hatfield. 
e intrinsic properties of the material. It was generally assumed 
at if a material were not stressed beyond the elastic range the 
oms still remained in the same positions and the intrinsic properties 
the material were unchanged. He was convinced, however, that 
would be well if engineers in general were to take a great interest 
the intrinsic properties of metals after service, so as to find what 
1anges, if any, had occurred. 

‘Dr. Husert Sutton observed that the fact—to which the Authors Dr, Sutton. 
1d called attention elsewhere as well as in their present Paper—that 
ip-planes within the crystal were concerned in fatigue-failure had 
en of great service in the determination of the causes of failures 
f machine-parts in service. The fractured surfaces were often 
und to have been damaged by rubbing or hammering after failure, 
ut it was sometimes possible to secure a section for microscopic 
amination right up to the facture, and examinations of that kind 
ad frequently permitted the mode of failure to be identified as 
ntra-crystalline, and with an absence of microscopically-detectable 
istortion in the structure. The Authors now appeared to have 
volved a very careful technique for studying the mechanism of 
ailure of parts subjected to various stresses, and their method 


ppeared to be of special importance since it afforded an approach 
‘some of the more difficult problems relating to fatigue. Questions 
uch as the effects of understressing—straining for higher duty by 
abjecting the material to lower stresses than those to be withstood 
n service—and also the effects of standing, mentioned by Dr. 
latfield, might be studied thereby. 

The Authors had found the size of the particle produced by 
ragmentation to be of the order of 10-4 or 10-5 centimetre; did 
hat dimension agree with the dimensions of secondary structures 
which had been identified in iron by other methods ? 

' He believed that in America Dr. C. 8. Barrett had been working 
in the same field as the Authors, but he did not appear to have been 
able to identify such definite stages of the breakdown with his X-ray 
pictures! as those determined by the Authors. Dr. Barrett appeared 
to have observed degrees of plastic deformation both above and 
pelow the endurance-limit, and it would be interesting to know 
whether the Authors associated Dr. Barrett’s difficulties with the 
conditions of stressing, materials, or some other factor in his tests. 
_ In his opinion, work-hardening took place below the fatigue-limit 
in fatigue-tests, and he would like to know whether the Authors 
believed that the evidence that they had obtained revealed no 
ah - 


1 Metals and Alloys, vol. 8, p. 13. (January, 1937.) 
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breakdowns into crystallites or such small particles below th 
fatigue-limit. pated 

In practical experience of the investigation of failures, he | 
come across many cases of intercrystalline failure ; he thought th 
it was correct to say that in those cases steady stresses had general 
been operative, and in many instances corrosion had also been 
work. Perhaps the Author’s work would provide a means of dis 
tinguishing steady-stress failures from variable-stress failures ; ‘hai 
was often a difficult practical problem. 

Dr. S. F. Dorey remarked that there were certain points in t 
Paper that were of particular interest to physicists and engine 
In the first place, tensile tests indicated that there was no changy 
in the X-ray diffraction-pattern up to the limit of proportionalit 


portionality. Fatigue-tests within the safe range also indicated 
change in the structure. Thus it was shown that up to the limr 
proportionality and the safe fatigue-range fragmentation of tl 
crystal-structure did not take place, but, when those limits v 
exceeded, a progressive fragmentation was evident. 
Was there any visible characteristic of the final fracture, wheth 
it was tensile or by fatigue, which would satisfy him that sor 
change had occurred in the material? The cup-and-cone fractur' 
produced by a slow tensile test did exhibit a very fine smoot 
structure, quite different from that of a quick break; a fatigu 
fracture also showed a very fine structure. To his mind that wa 
evidence of a microscopic or sub-microscopic effect common to t 
two cases. He therefore looked on fractures, either fatigue or static 
as involving a condition of fragmentation. Fracture apparenth 
occurred when strengthening due to a process of strain-hardeni) 
was carried locally to the extreme. 4 
In carrying out some experiments on hysteresis-effects in crank 
shaft-steels, he had found that above a certain stage, which approxi 
mated to the fatigue-limit for reversed stress, the rate of increase 
the value of the hysteresis-energy per cycle with stress rapidly i 
creased. The results contained in the Paper indicated that that v 
also the point where fragmentation of the crystal-structure of t 
material commenced, and he would like to ask the Authors whethe 
the additional hysteresis per cycle might be due to the process 
fragmentation. He had also found that that rapid increase 
hysteresis-energy was very much more marked in the case of a ducti 
steel than of a high-tensile steel, which made him wonder whet! 
the question of internal stress was involved. | all 
_ With reference to the matters that he had mentioned, and 
ticularly in regard to strain-hardening, he felt that the effect 
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rstalline size in relation to fragmentation required further study. Dr. Dorey. 
e results as they stood indicated that cold-rolled material with a 
gmented structure would be the best in service against fatigue- 
ding. In practice, however, forgings were carefully normalized 
Temove internal strain due to the effect of working, and were 
4 into service in a condition of low fatigue-limit. It was there- 
e important to determine what effect the yield-point had. At 
ints of stress-concentration, was crystal-fragmentation due to 
igue prevented once the material yielded ? 
Cold-worked material exhibited very much smaller hysteresis- 
ergy per cycle than normalized material for the same stress-range. 
ilarly, in cold-worked material a higher stress-range was required 
erystal-fragmentation to proceed. That again indicated some 
lation between the magnitude of hysteresis-energy and the 
ogress of crystal-fragmentation. 
Tt might be of value to study the relation of crack-propagation to 
e results of the investigation described. It was well known that 
‘the harder steels, whilst cracks were formed at higher stresses 
an in ductile steels, the cracks travelled quicker. Had fragmenta- 
on already been produced in the heat-treated condition which 
lowed crack-propagation to take place at a much greater rate ? 
lternatively, the size of crystals and state of internal stress of the 
aterial due to the hardening process might have an important 
aring on the rate of failure. In cases of corrosion-fatigue, was it 
ossible that fragmentation allowed the corrosive medium to attack 
1e particles more completely ? 
Dr. A. Mutter, referring to the interpretation of the X-ray Dr. Miiller. 
BP ors patterns, observed that the Authors clearly realized the 
ery complicated nature of the problem. It was extremely difficult 
y say from the X-ray pictures what really happened. There was 
o doubt a breaking-up, but there was one point in that connexion 
hich he would like to make. He had recently been concerned with 
n investigation of a similar nature on an unstrained material in 
hich an extremely high resolving power had been used, and it 
howed that the reflexion-spots did not lie on one ring; there was 
fairly big spread even in the initial condition on a well-annealed 
vaterial. He came rather rashly to the conclusion that that was 
ue to a lattice-variation even in the annealed condition, the lattice- 
izes of the different crystals differing by an amount varying between 
‘Land 0-01 percent. Professor W. L. Bragg, however, had recently 
ointed out to him that the apparent variation was possibly due to 
n optical effect. Even with a material made up of crystals of 
lentical lattice-size, the reflexion-spots would be spread over a 
ertain width to start with, thus producing a spread of the ring. - 


Dr. Miiller, 


Mr. Robertson, 


278 DISCUSSION ON . 


The importance of that optical effect had only recently been realize 
and it would have to be taken into account when interpreting 1 
width of the ring. 
The part played by the atomic forces in determining the mechanid 
properties of a material was of interest. A good deal was k 
about the forces themselves. For example, Fuchs} had rec 
calculated the force between two sodium atoms in the sodi 
lattice, and had thence predicted the mechanical properties 
sodium. The results had proved to be in remarkable agreemes 
with those obtained experimentally, so that it was now possible 
predict from first principles what the elastic forces were. T 
problem with which the Authors were concerned was, however, | 
more complicated. The difficulty might be seen from an analog 
example ; in the case of the planetary motion of two bodies 
initial conditions being known, it was possible to say exactly 
their orbits would be, but if a third body were introduced 1 
problem became insoluble. In the case of a metal, there w 
millions of atoms, and calculation was hopeless. The centr 
problem before the Authors at the present moment was to find 0 
why there were in the metal certain small groups which remaine 
stable. That was a statistical problem, and had nothing to c 
directly with the atomic forces. | 
Mr. T. S. Roserrson observed that he was particularly inte 
ested in the hysteretic behaviour of metals ; together with Profes 
B. P. Haigh, he had examined that phenomenon in mild steels un 
fatigue-testing.2 Fig. 11 showed the arrangement of the appara 
they had used. Thermocouples had been arranged around 
specimen in such a way that the hot junctions were all at the midd 
and the cold junctions at the ends, so that the effect of any temper 
ture-drop from end to end of the specimen was completely eliminate 
They had thus been able to measure the temperature-drop fre 
the centre to the ends. Figs. 12 showed the results obtaii 
with two mild-steel specimens, the first large-grained and the seco: 
normalized. The former was of especial interest in the prese’ 
discussion. At the beginning of the test there was great prima 
hysteresis. Secondary hysteresis followed which was smaller 
amount, and finally, just before fracture, there was considerak 
tertiary hysteresis. Those effects agreed very well with the inte 


sity-difference figures of the X-ray diffraction-rings found by fi 
Authors. 


1 K. Fuchs, ‘The Elastic Constants and Specifi ; Al 

ps , pecific Heats of the Al 
Metals. Proc. Roy. Soe. (A), vol. 157 (1936), p. 444. os 

* B. P. Haigh, ‘‘ Hysteresis in relation to Cohesion and Fatigue.” Tre 
Faraday Soc., vol. 24 (1928), p. 125. das - 
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x*% Dr. Econ Ornowan observed that it was very interesting 
hear that, according to X-ray evidence obtained by the Aw 
there was an upper limit of fragmentation, corresponding 
fragment-size of between 10-4 and 10-5 centimetre. A 
tempting way to explain that observation would be to consider * 
crystal as built up of blocks of that size, the cohesion between th 
blocks being smaller than inside them. Such an explanatior 
however, would contradict a great number of facts, so tha 
another possibility of obtaining a limit to fragment-size had to I 
sought. | 

There was, indeed, a simple way to understand the existence of 
fragmentation-limit, which had the particular advantage that it i 
to a formula for the minimum size of stable fragments. Althoug 
it contained two quantities of which only the order of magnituc 
was known, it seemed that that formula might fit well the observ 
tions. During plastic deformation undoubtedly a great number 
fragments smaller than 10-5 centimetre were formed. In the ¢: 
when such a fragment contained severe stresses and distortio: 
the total energy of the specimen would decrease if the fragme 
were dissolved by its neighbours by a process of which the mac 
scopic manifestation was recrystallization. That process could te 
place even at temperatures very much below the usual recrystalliza 
tion-temperature, because the instabilities were much greater in th 
moment of plastic deformation and the volume affected by th 
dissolution of a small fragment was much smaller. Thus it had onl 
to be shown that a small fragment could be consumed by its su 
roundings even if it consisted of an entirely unstressed lattice of 
lowest energy possible. To show that, account had only to t 
taken of the surface-energy of the small fragment. If E denote 
the free energy per unit volume of the surroundings due to th 
lattice-distortions produced by cold working, the energy E . dV wi 
gained if the volume of the fragment (the lattice of which might | 
supposed to be undistorted) increased by dV. At the same tim 
however, the surface of the fragment increased by dS, and thus i 
total surface-energy by w.dS, w denoting the specific surfa 
energy of the boundary between the fragment and its surroundin 
The fragment would be stable if the change of the total energy for 
virtual increase of its volume vanished ; that was to say, if as mt 
was gained on the volume-energy of cold working as had to 
expended on surface-energy, so that E.dV =w.dS. Assu 
that the shape of the fragment was cubic, and denoting the len 


of the cube side by «, its surface was 6x2, and the virtual increase 
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: surface-energy was 12w.a.dz. The corresponding increase Dr. Orowan. 
its volume was 322 . dz, and thus the increase of the total volume- 
ergy of the system was 3£ .22.dx. Hence the stability-condition 
s 3E.x2—12w. As to the numerical value of w, it was known 
at the surface-energy of heavy metals against vacuum was of the 
der of magnitude of 1,000 ergs per square centimetre. The surface- 
ergy of an internal boundary, however, was much smaller; that 
as Shown by the low resistance of metals against plastic deforma- 
n as compared with their breaking-strength. A probable order of 
agnitude of w was about 100 ergs per square centimetre. On the 
er hand, the maximum value of the volume-energy stored up in 
ry severely worked mild steel had been determined by Professor 
aylor and Mr. H. Quinney to be about 10 calories per cubic centi- 
etre. A value of about 1 calorie seemed, however, to correspond 
uch better to the conditions of a usual fatigue-test. The formula 


12w 
a 
oe ae 


us gave, with w = 100 and EH =1.4:2 x 107, « = 10 
sntimetre. Allowing for the uncertainty of H and w as well as of 
1e observed value of the minimum size of fragments, that accord 
as satisfactory. 

A more reliable proof of the suggested explanation, however, 
ould be to determine the fragmentation-limit at a very low 
smperature, such as that of liquid air. Ata low temperature the 
robability of atomic rearrangements was very small, so that the 
maller fragments, although instable, would be prevented from 
issolution. Was there any possibility of such an experiment 
eing carried out by the Authors ? 

‘The Auruors, in reply, wished to record their thanks to those The Authors. 
rho had contributed to such an interesting discussion. The dis- 
ussion was concerned essentially with certain definite aspects of 
he subject, and it would be convenient to deal specifically with 
hem. 

Work-hardening had been discussed by Professor Inglis, Dr. 
fatfield, and Dr. Sutton. In the Authors’ opinion no complete 
xplanation of that most important and interesting property of 
xetals had yet been advanced. Work-hardening might be said to 
é evinced by an increased resistance to shearing forces, brought 
bout by plastic deformation. The Authors’ work showed the effect 
f slip on the crystalline structure, resulting in a deteriorated con- 
ition consisting of an accumulation of fragmented material in the 
tm of crystallites possessing wide variations in orientation. 
though such a change in the structural condition would be expected 
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to result in an increased resistance to slip, nevertheless, it ap, 
most unlikely that variety of orientation could, in itself, p 
the greatly-increased strength actually observed. Possibly, 
cations in electronic distribution, produced by internal stresses, 
the formation of nuclei—as in age-hardening—would prove to be ! 
final explanation. Further, the conditions leading to slip were 
yet known, whilst its actual mechanism Temained a com 
mystery. Therefore, whilst the present work might justifiably 
said to exhibit many new facts concerning the process of wori 
hardening, it did not account for that phenomenon. With rega 
to the particular point raised by Dr. Sutton, the Authors wout 
recall that their earlier work had shown quite clearly that frag me‘ 
tation could result from the application of cycles of safe or unsai 
ranges alike; the difference being that in the former case a stal 
state was reached, whilst in the latter case the changes were on 
gressive to the stage of actual fracture. Although specially cri bi 
tests had been designed to elucidate that most important aspec 
and afforded indisputable evidence of the facts, it was som 
what unfortunate that the whole of that work had been ove 
looked by Dr. Barrett in some of his writings to which Dr. Suttc 
referred. | 
Various references and inquiries were made by Professor Ingl 
and Dr. Hatfield with regard to the amorphous state of met 
The Authors felt a strong disinclination to be drawn into anythir 
resembling the unfortunate and heated controversies which, in th 
past, had raged on that matter. The very beautiful experime 
of the late Sir George Beilby on the nature of polished surfaces | 
never, in the Authors’ opinion, been challenged, and they 
remained a perfect example of excellent technique and undenia 
conclusions. The controversies referred to, however, had arise 
from the efforts of over-enthusiastic disciples of Beilby who he 
endeavoured to read into his conclusions much more than the 
originator; in so doing they had done considerable harm to } 
work. In their Paper, the Authors had endeavoured to pres 
solid experimental facts, purposely avoiding excursions into inferel 
which the present state of exact knowledge did not justify. ‘h 
would, therefore, content themselves by saying that none of the 
observations had affirmed or denied the production of any am 
phous material as the result of slip. Nevertheless, they would p 
out that the established lower limit of the crystallite-size indi 
that the major portion of the deformed metal was essentis 
crystalline. _ 
Two points had been raised, by Dr, Hatfield and Dr. 
concerning the technique employed. There certainly mig 
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i some differences between the characteristics exhibited by the The Authors, 
mens while actually under stress and when the stress was 
sased ; also, “‘recovery”’ effects by rest might be in operation, 
| some experiments on that aspect were in hand. They had little 
+, however, that the principal features of deformation and 
ture were residual, and were fully revealed by X-ray diffraction- 
ctra obtained immediately after the test-specimens had been 
noved from the testing machines. Even employing the most 
werful source of X-rays at present available, it would not be possible 
take instantaneous photographs, and there seemed little hope of 
2 ne records of extremely transitory phenomena by such means. 
very beautiful experiments of Dr. Miiller, using X-ray technique 
der conditions of high resolution, were of extreme interest, but, 
der the conditions used in the work described in the present 
yer, the cause of line-broadening to which he referred did not 
aly. 
Several most interesting questions were asked by Dr. Hatfield, 
. Sutton, Dr. Orowan, and Dr. Dorey, concerning the crystallites 
ming the fragmented metal. It was a matter for regret that, at 
sent, no physical explanation had been offered for the existence 
a lower limiting size for those crystallites: the problem was 
racting vigorous research, and evoked constant discussion in 
entific circles. In that connexion, attention might be directed to 
2 most interesting theoretical explanation suggested by Dr. 
owan in his contribution to the discussion (p. 280). As mentioned 
the Paper, the approximate dimension of 10~* centimetre had been 
sociated with the results of observations of widely-differing | 
tures, optical, etching, etc., and also with the “ blocks” of the 
sgested secondary structures. Work was in hand on crystallite- 
mation at low temperatures, which, as suggested by Dr. Orowan, 
ght throw more light on the process. The term “‘ re-orientation 
thin the crystal”? might possibly be used in place of “ fragmenta- 
n,” but, to the Authors, the latter term had the merit of presenting 
clearer interpretation of the condition revealed by the X-ray 
otographs. The degree of fragmentation could not affect the 
pearance of a fracture, as static and fatigue fractures were essen- 
lly different to the eye, although, as the Authors had shown, the 
ites of the crystalline structure were identical. 
As mentioned by Dr. Dorey and Dr. Robertson, the fatigue- 
aracteristics exhibited by X-ray methods and by strain-hysteresis, 
0 by measurement of heat evolved, were capable of correlation to 
nost satisfactory degree. The“ primary hysteresis ” corresponded 
the marked initial dislocation and fragmentation: the lesser 
secondary hysteresis ’’ was reflected exactly by the slowing-down ~ 
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in the rate of the same processes ; the “ tertiary stage’ was 1 
duced by the final acceleration as fracture was approached, 
some extent by the formation and propagation of the crack. 

In conclusion, the Authors would remark that their re: 
were being continued, and they fervently hoped that, at some fu 
time, they might be privileged to supply experimental data on s¢ 
of the fascinating problems yet unexplored, to which such construe 
references had been made in the Discussion. 


: 


x* The Correspondence on the foregoing Paper will be publish 
in the Institution Journal for October, 1938.—Skc. Inst. C.E. 
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2s JOINT MEETING WITH THE INSTITUTION OF 
CHEMICAL ENGINEERS. 


18 January, 1938. 


SYDNEY BRYAN DONKIN, President Inst. C.E., 
in the Chair, supported by 


WILLIAM CULLEN, D.Sc., President I. Chem. E. 
“The Treatment and Disposal of Trade Waste Waters.” 


By Atsert Parker, D.Sc., M.I. Chem. E. 
(Abridged.)+ 


INTRODUCTION. 


Numerous industrial and manufacturing processes of a chemical or 
“chemical engineering nature give rise to waste waters which cannot be 
‘discharged in relatively large quantities, except after preliminary 
treatment, into rivers and streams without causing undue pollution. 
| Satisfactory methods of treatment and disposal of the wastes at little 
Or no cost to the factory are not always easily found, and the problems 
to be solved frequently require the knowledge and experience of the 


biologist, the chemist, the engineer and the chemical engineer. 


“TMPORTANCE OF PREVENTION OF POLLUTION OF WATER-SUPPLIES. 


In Great Britain, from 35 to 40 millions of the total popula- 
tion of about 45 millions receive piped supplies of water from 
undertakings controlled by local authorities, joint boards, statutory 
‘and non-statutory companies. The total volume of water supplied 
by these undertakings is between 1,000 million and 1,500 million 
gallons per day. Of this quantity nearly 1,000 million gallons, 
“equivalent to about 25 gallons per day per head of the population in 
the area of supply, are used for domestic purposes ; the remainder is 
used for various industrial purposes, and much larger quantities are 
drawn direct from rivers, springs, and wells for agricultural and 
industrial purposes. . 
“Surface water—from rivers, streams and springs—is the principal 
Bource of supply in Great Britain. Many of the surface supplies are 
a 1 To be published in full with the discussion in the Transactions of the 
itution of Chemical Engineers, vol. 16 (1938). Z 
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obtained from the upper reaches of rivers where there is little or no 
contamination by polluting discharges. Considerable quantities. 4 
several hundred million gallons per day—are, however, drawn by 
public water-supply undertakings from the lower reaches of riv 
below points of discharge of sewage and trade effluents of various 
kinds, and many undertakings have to incur great expense and — 
shoulder considerable responsibility in purifying the water to ensure 
that it is fit for general supply. 1 

Available soutges of uncontaminated water, both surface and 
underground, are gradually being allocated ; but any probable future 
demand in this country for water of good quality can be met, — 
provided that determined efforts are made to prevent undue 
pollution of the resources. 

One of the difficulties in preventing or reducing pollution by indus: 
trial effluents has been the general apprehension that appreciable im 
provement in the position cannot be achieved without a serious — 
additional charge on industry. It is true that entirely satisfactory 
methods of dealing with certain trade effluents, taking costs into 
account, are unknown. In most cases, however, pollution can be | 
brought down to reasonable limits without serious additional expense. — 
There are in fact circumstances in which the composition of the — 

_waste waters can be improved by reducing losses of valuable raw _ 
materials, products and by-products in the factory, or the waste | 
waters can be re-used with economy in the manufacturing processes ; | 
in some cases products of value can be recovered from the wastes 


LEGAL Position. 


Disposal by Percolation Underground.—The disposal of waste waters 
by percolation into the sub-soil is restricted by the obligation not 50 
cause a public nuisance nor to interfere with the rights of other 
landowners. 

Discharge into Rivers.—Disposal of wastes by discharge into rivers 
and streams is subject to several restrictions. At common law, the 
pollution of water so as to endanger the health of the public is an 
indictable offence. Further, every riparian owner has a right to 
receive the flow of a stream in a condition unaffected by the use made 
of the stream by other riparian owners ; the Courts will protect this 
right by injunction and damages. 

Of all the general Acts on the subject, the most important are the 
Rivers Pollution Prevention Acts, 1876 and 1893, which deal with 
both sewage and trade wastes—solid and liquid. It is an offence 
under these Acts to discharge into a stream any poisonous, noxi 
or polluting liquid proceeding from any factory or manufact 
process. Provisions similar to those in the Rivers Pollution 
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vention Acts are included in the Salmon and Freshwater Fisheries 
Act, 1923, in the interests of fisheries. 

_ Discharge into Sewers—Numerous traders discharge the waste 
‘waters from their manufacturing processes into the sewers of the local 

sanitary authority for treatment in admixture with domestic sewage 
at the local sewage-disposal works. Frequently, simple preliminary 
treatment of the wastes at the works of the trader is required before 
the wastes are admitted to the sewers, and the discharge may be 
‘subject to other conditions, including payment. 
_ The extent of a trader’s right under the general statutes to dis- 
charge wastes into public sewers has not been free from ambiguity. 
‘Legal difficulties have in some measure been overcome in certain 
districts by local Acts of Parliament facilitating the discharge, under 
‘controlled conditions, of industrial effluents into the public sewers. 
“The recommendation by the Joint Advisory Committee on River Pollu- 
tion appointed in 1927 by the Ministers of Health and of Agriculture 
and Fisheries that the law should be amended on the lines of the 
‘several local Acts so as to give traders a right to discharge trade 
- effluents into the public sewers, subject to compliance with regulations 
and conditions to be made as to payment and other matters, has now 
been given effect to by the passing of the Public Health (Drainage of 
‘Trade Premises) Act, 1937, which comes into full operation on July 1, 
1938. 


Metnop or TREATMENT OF TRADE WASTE WATERS. 


The most detailed inquiry so far carried out into methods of 
treatment and disposal of sewage and trade effluents was that of the 
Royal Commission on Sewage Disposal, which occupied a period of 
17 years, from 1898 to 1915. 

__ Among the recommendations of the Commission was the establish- 
“ment of a central authority to deal with various administrative 
- matters relating to prevention of pollution and equipped to undertake 
special investigations. No action was taken on the Commission’s 
recommendation. The Water Pollution Research Board, however, 
‘was appointed in 1927 by the Department of Scientific and Industrial 
Research to submit schemes for research on the prevention of the 
pollution of rivers and other sources of water-supply and on any 
relevant matters affecting the purity of water-supplies, and to super- 
vise approved investigations. So far as research is concerned, the 
oard may be regarded as fulfilling the functions of the central 
authority recommended by the Royal Commission on Sewage Disposal. 
In dealing with any problem of disposal of trade wastes, the first _ 
important step should always be to consider the practicability of 

" modifying the processes and methods in the factory with the object 
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and polluting character. There is often the possibility of reduc 
the losses of raw materials and of valuable products and by-products 


re-used in the factory processes. 

The principal trade waste waters remaining for disposal, after al 
practicable steps have been taken to reduce their quantity andi 
polluting character to the minimum, may be divided into three maint 
groups. In the first group there are waste waters, such as those from: 
stone quarries, china clay works, and coal washeries, which conta 
solid matter in suspension but little or no polluting matter in solution. . 
These wastes can usually be purified sufficiently for discharge into: 
rivers and streams by sedimentation, with or without the addition of | 
chemical coagulants and precipitants, followed in some cases by’ 
mechanical filtration. Secondly, there are waste waters such 
those from tanneries, cotton bleach works and certain types of pap 
works, which contain solids in suspension and polluting substances 1 
solution. These require treatment by sedimentation, sometim 
with chemical precipitation, followed in many cases by further put 


colloidal dispersion. Examples of this class are the waste waters 
from the treatment of iron and steel with acid before galvanizing, 
- from gas-works and by-product coke-works, and from dairies and | 
creameries. Wastes of this kind may require chemical or biological 
treatment or both. 
Waste waters in the second and third groups can frequently be most 
efficiently treated in admixture with sewage at the local sewage-works, 
provided that the quantity of trade effluent in relation to the volume’ 
of domestic sewage is not too large, and certain conditions, such as 
discharge of the waste into the sewer at controlled rates of flow and 
not in flushes, are observed. This method is adopted for the disposal 
of the effluents from many gas-works. Bie 
Applications of some of the principles outlined in the preceding 
paragraphs can best be illustrated by references to two or three 
typical examples, 
Beet-Sugar Factories—One example is provided by the resul 
the investigation carried out by the Water Pollution Research B 
on the problem of disposal of effluents from beet-sugar factorie 
In a factory of average size, the quantity of fluming and was. 
water employed is about 3-5 million gallons per day, and the pre 
water usually amounts to about 500,000 gallons per day. Flur 
and washing water is as strong in its polluting effect on a stl 
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as an equal volume of many crude domestic sewages, whilst process 
‘water is five or six times as strong. The waste waters from one 
_beet-sugar factory may thus be equivalent, in their polluting effect 
on a stream, to the domestic sewage from a town with a population 
of 200,000 to 300,000. 
The investigation has shown that the whole or the major quantity 
of the fluming and washing water, and of the process water, after 
simple treatment by sedimentation with occasional additions of 
small quantities of lime, can be re-used in the factory, and that 
_ waste waters, necessarily discharged, can be purified to the required 
_ extent by biological oxidation in percolating filters. 
Milk Effluents—During recent years, the problems of treatment 
and disposal of the waste waters from the milk industry have increased 
in importance with the development of the industry and the estab- 
- lishment of depots and factories each receiving the milk from many 
farms. 
_ An investigation by the Water Pollution Research Board has 
_ shown that even at milk-collecting and distributing depots where the 
- milk is received only for cooling, pasteurizing, and distribution, the 
- waste waters from washing delivery churns, coolers, pasteurizers, 
tank wagons, other equipment, and the floors usually carry away 
0:5 to 1-0 per cent. of the milk received. 
From the investigation of the subject it has definitely been con- 
- eluded that the quantities of polluting matter carried away in the 
waste washing waters can be considerably reduced by simple and 
_ inexpensive modifications in the operations within the factories and 
_ by more careful control of the processes of draining and washing. 
_ By installing a simple drainage-rack of suitable size and design, the 
_ quantity of milk carried away in the water used for washing the 
_ delivery churns can be reduced from more than 0-5 per cent. to less 
than 0-25 per cent. of the milk handled. If adequate drainage-trays 
~ were installed at all the depots and factories in this country the 
total saving of milk would be of the order of 3 million gallons per 
- annum or at least £150,000 per annum. 
The next step in the investigation was to study possible methods of 
_ purifying the waste waters unavoidably produced. Experiments in 
the laboratory indicated that it would be practicable to purify the 
waste waters either by the activated-sludge process or by the process 
of biological oxidation in percolating filters operated. under certain 
‘conditions. In the experiments with percolating filters it was 
observed that, in single filtration, solid fatty matter was deposited 


r! 


It was found, however, that this difficulty 
- could be overcome by adopting a method of biological filtration 


filter which in consequence soon became __ 


suggested by Mr. H. C. Whitehead and the late Mr. F. R.. 
O’Shaughnessy of the Birmingham, Tame and Rea District Drai 
: Board. According to this method, the waste waters after sed 
mentation are passed through two biological filters in series and | 
! the order of the two filters in series is periodically changed. Under 
. suitable conditions, treated effluent from the one filter brings about 3 
the removal of the solid matter previously deposited in the other filter » 
when that filter occupied the primary position. | 
With the financial co-operation of the industry, the investigation . 
was extended to include experiments at two large experimental 
plants. In one plant, the waste waters, after sedimentation, are 
treated by the activated-sludge process; in the other plant, the 
settled waste waters are submitted to biological oxidation in two — 
percolating filters in series, the order of the filters being reversed 
intervals of 10 days to 3 weeks. For the activated-sludge plant, the 
settled crude waste is diluted, if necessary, to give a mixture with a 
biochemical oxygen-demand of not more than about 50 parts per 
100,000 parts. From this mixture, with a period of aeration of — 
24 hours, a final effluent with a biochemical oxygen-demand of about 
1 part per 100,000 is obtained. For the biological filtration plant, — 
the settled wastes are diluted to give a mixture with a biochemical 
oxygen-demand of not more than 30 parts per 100,000 parts. From — 
this mixture a final effiuent with a biochemical oxygen-demand of less _ 
than 1 part per 100,000 parts is obtained at a rate of treatment 
much greater than that usually adopted in the treatment of domestic - 
sewage at sewage-disposal works in this country. » | 
Gas-Works Effluents—The polluting effluents produced in the 
manufacture of gas by the carbonization of coal are derived mainly — 
from the aqueous product known as gas liquor or crude ammonia 
liquor, which is ordinarily distilled for the production of ammonium 
sulphate, concentrated ammonia liquor, or anhydrous ammonia. 
Experiments in the laboratory and on a large scale and experience 
at many sewage-disposal works have shown that, though the presence 
of the gas-works effluent in the sewage does throw an additional 
burden on the sewage-works, sewage containing as much as 0°5 per 
cent. of gas-effluent can usually be satisfactorily treated without 
causing an undue deterioration in the quality of the treated sewage. 
‘ One important condition is that the gas-works effluent should be 
admitted to the sewers in controlled rates of flow, roughly in pro- 
portion to the flow of sewage, and not in flushes. 
A vote of thanks was proposed by Mr. 8. B. Donkin, President. 
Inst. C.H., and seconded by Dr. William Cullen, President I. Chem. 
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E. Eleven speakers took part in the oral discussion. 


’ 


al 
< 
¥ 


BRICE ON DUNKIRK HARBOUR EXTENSION WORKS. 291 


_ JOINT MEETING WITH THE BRITISH SECTION, SOCIETE 
DES INGENIEURS CIVILS DE FRANCE AND THE 
INSTITUTION OF STRUCTURAL ENGINEERS. 


1 February, 1938. 


SYDNEY BRYAN DONKIN, President Inst. C.E., 
in the Chair, supported by 


- WILLIAM THOMSON HALCROW, President, British Section, 
Société des Ingénieurs Civils de France, and 


_ Professor JOSEPH HUSBAND, M.Eng., President Inst. Struct. EK. 


“Dunkirk Harbour Extension Works.” 
By Monsieur L. P. Brice. 


(Abridged.)! 


~ Monsieur L. P. Brice referred to Dunkirk Harbour as one of the 
__ principal transit points between England and France, and stated 
" that its history went back as far as the very origins of the history of 
France. During the nineteenth century the traffic of the Port 
showed a steady increase and constant improvements were effected. 
Extension and equipment works had also to be undertaken during 
the War, but it was immediately after the War that the present ex- 
tension programme was drawn up. That included :— 


(1) extending the present eastern breakwater by means of an 

S open-work breakwater, 700 metres long ; 

pet (2) building a new solid western breakwater, 750 metres long, 
laid out at an angle of about 98 degrees with the eastern 
breakwater and leaving an entrance of 210 metres between 
the ends of the two breakwaters ; 

(3) connecting the western breakwater to the land by means of 
a sea-wall ; 

(4) building a sea-wall south of the new lower harbour ; 

(5) building a marine lock ; 

(6) building many miscellaneous works, such as a train jetty, a 
berthing jetty, a new berth for the ferry-boat, a light- 
house, etc. 


‘ + Published in full in Journal Inst. Struct. E., vol. xvi (1938), p. 34 (January, s 
1938). : 
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_ compartments. The upper structure included a solid mass 


essentially of open work similar to the Calais western break 
The sub-structure was formed of reinforced-concrete caissons sunk by 
compressed air, above which was a solid block with a facing of 
artificial stone and the inside filled with concrete. On it was supe 
imposed the upper structure made of reinforced-concrete tr 8 
girders, 7 metres high, and 3-05 metres wide at the top. The weight 

of the caissons varied from 300 to 400 tons. Each caisson was built 
up in thin reinforced concrete on a fixed platform alongside the 

channel at the shore end of the breakwater, and had an inner work- - 


grounded at low tide, and sufficient concrete was poured in to ensure 
that it did not float again. The ground underneath was disintegrated 
by injection-nozzles, which were connected to a pump working at a 
mean effective pressure of 6 kilograms per square centimetre. The 
loosened ground was removed by means of a Mammouth pump 
operated by compressed air; that method was found to give com- 
plete satisfaction in sand and mud, and enabled the work to be 
carried out with the minimum employment of labour. The work- 
chamber was filled with concrete as soon as the caisson had reached — 
the required depth, and then the whole caisson was concreted, 
The solid block above the caisson was completed, holes being left 
for the bottom legs of the reinforced-concrete beams forming the — 
upper structure. ‘The beams were made up on land, and after being — 
brought to the site by barges, were lowered into place, and the 
whole completed. ; 
Owing to the unsatisfactory nature of the ground, the western 
breakwater had to be of solid construction. For about 235 metres 
from the shore end, the breakwater was of the vertical type with 
the foundations consisting of a solid block of concrete poured between 
two curtains of sheet-piling 6-50 metres apart, and sub-divided i 


concrete, 5-70 metres wide at the bottom, with tapering (1 in 10) 
facings of artificial stone. Beyond the first 235 metres the break- 
water was of the ordinary type with foundations resting on a bed 
of stone pitching. It included an upper structure in masonry and 
concrete resting on artificial blocks fastened on a stone-pitching co 
which rested on a fascine raft. Details were given of the methc 
employed in making the fascines and in placing the pitched stones, 
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and of the making and sinking of the artificial blocks. The 
pitching stone consisted of large-size pieces from 1,200 to 5,000 
kilograms, and medium pieces from 100 to 1,200 kilograms, which 
constituted the greater part of the core. 
The marine lock was built to join the new lower harbour forme 
by the eastern and western breakwaters to the upper existing 
harbour. The total length was 325 metres with an effective length 
of 280 metres, the width being 42 metres in the dock and 40 metres 
at the gates. The lock was built on the site of the old beach, and, 
in order to isolate the excavation from the sea, a cofferdam formed 
up of two sheet-piling curtains, 8 metres apart, was built. The 
earthwork consisted of three stages, dredging, lowering of the water- 
level, and dry earthwork. The dredging was done by suction- 
‘dredger, whilst the lowering of the water-level was effected through 
a continuous belt of sixty filtration-wells connected by a pressure- 
‘main. Exhaust-pumps for operation under water were placed in 
each well. All the operating and controlling arrangements were 
‘grouped in six pumping stations sited along the perimeter of the 
‘excavation. After 5 months’ pumping it was possible to start on 
the dry earthwork. The earth was removed by caterpillar cranes 
“with buckets and carried by a line-conveyor to be dumped on the 
‘evel ground near the lock. After completion of the work, the earth 
was used to refill behind the side walls of the lock. 
_ Many problems arose in connexion with the driving of the piles 
“as, owing to the very fine sand, direct driving was rendered ‘very 
difficult and often impossible. A high-pressure steam-driven pump 
was utilized to inject water to loosen the ground, with the result 
“that the sinking of the sheet-piling in certain cases was obtained 
“after 2,000 blows whereas 13,000 blows were required when the ground 
could not be loosened. In certain cases when very heavy sheet- 
viling was being driven, it was necessary to loosen the ground on 
oth sides by injecting water under pressure. It was found that 
short-blow hammers were satisfactory for driving through sand but 
unsatisfactory for driving through clay. 
The side walls of the lock were built up of caisson-type sheet 
piling, and were surmounted by crown walls of reinforced concrete. 
“Phe sheet piling was anchored by three sets of steel ties. The 
~hottom of the lock was not concreted, except near both heads. The 
‘Jock-heads consisted of concrete masses founded on a reinforced- 
oncrete general culvert bottom, protected against undermining 
by a curtain of sheet-piling. The head of the lock had two gate- 
recesses, into the first of which the dock-gate slid. The other one, 
‘fitted up as a graving dock, included a spare gate. 
‘The sea-walls were built up of concrete slabs moulded in advance, 
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resting on a stratum of marl and gravel earth. The slabs were 
anchored by means of reinforced-concrete piles. Vibration wa 
employed in the manufacture of the slabs, beams and piles to ens 
that the concrete was compact. Details were given of the meth 
of carrying out the work of laying the slabs, etc. 


The Paper was illustrated by a number of lantern-slides and b 
films. 


A vote of thanks was proposed by Mr. S. B. Donkin, President 
Inst. C.E., seconded by Mr. W. T. Halcrow, President, British Section, | 
Société des Ingénieurs Civils de France, and supported by Professor 
Joseph Husband, President Inst. Struct. E. The Meeting concluded 
with a short discussion. 
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2 INTRODUCTION. 

Tuts investigation was undertaken for the purpose of ascertaining 
the character and amount of the damping forces developed in the 
laminated springs of a locomotive when there is relative vertical 
motion between its sprung and unsprung portions, such as may occur 
‘when the locomotive is crossing a bridge. 


ae 
ia 


z SpeciaL TESTING APPARATUS. 


__ A machine for applying measured pulsating and suddenly-applied 
‘loads to the springs was designed by the Author. It was constructed 
“by the North Western Railway of India and was erected on railway 
"premises at Lahore. 

_~ A general-arrangement drawing of this machine set up for pulsating- 
load tests is given in Figs. 1, Plate 1. Bending strain equivalent 
to the designed static weight on the locomotive-spring is applied by 
flexure of the girder G, the load being applied to the specimen 
‘through four hangers L, the housing H, and the coil spring, which 
f the same order as that of the specimens. 
The system was stressed as described above by applying a known 
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a 1 Correspondence on this Paper can be accepted until the 15th June 
1938, and will be published in the Institution J ournal for October, 1938.— 
- Sxc. Inst. C.E. ‘i 


cotters and suitable packings at the lower eyes of the hangers, andi 
then removing the dead load. ] 

The hangers are slotted to admit 3-inch diameter rods welded to¢ 
them near their lower ends, and there is a small gap between thee 
upper ends of the slots and the tops of the 3-inch rods. Calibration-. 
curves were first obtained for each hanger, in which the amount oi 
gap is plotted against the applied dead load in the hanger. This 
provides a ready method at any time for checking the dead load on 
the specimen. 

A shaft S, to which various out-of-balance masses can be attached, 
runs in self-aligning ‘‘ Skefko” ball bearings at each end. One 
bearing is located in the housing H, which has a degree of freedom 


framework and fixes the position (but not the direction) of the shaft- - 
axis at this point. The shaft is driven by a 20-h.p. electric motor 
through a variable-speed belt-and-chain drive, and in normal 
operation forced oscillation in the vertical plane about J as centr 
is imparted to the coil spring, the housing H, and the specimen ane 
the shaft. A range of balance-weights is provided so that spring 
for axle-loads of up to 22-5 tons can be tested under their norma 


at 1 revolution per second, and between + 7 tons at 5 revolution 8 
per second. 


Figs. 2, Plate 1, to enable the spring specimens to be tested under 
suddenly-applied loads. The main shaft S of the machine (Figs. 1, 
Plate 1) was removed, and a cradle loaded with kentledge was sup 
ported on jacks at B and on the two rollers at C, Figs. 2, Plate 1. 
The laminated-spring specimen was then placed in the machin 
upside down, supported at its ends on rollers by the girder G. Th 
jacks B were then lowered until a small proportion of the cradle 
weight was taken by the spring specimen through a spherical bearing 
the packings P, and the spring-buckle. A lever L was then erec 
so that its nose was just bearing under the spring-buckle. Th 
jacks B were then lowered out and removed. The trip-device 9g 
shown in the enlarged detail was then operated, and a record was 
taken of the spring-oscillation. 1 

Suddenly-Applied Load Tests.—Suddenly-applied load tests were 
carried out with various weights of kentledge, and the effectiy 
combined mass of cradle and kentledge was determined in each 
by inserting the coil spring shown in Figs. 1, Plate 1, and sui 
packings between the housing D (Figs. 2, Plate 1) and the girder G 
instead of the specimen § (the lever L being removed), and measuring 
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the period of the swing of the cradle about the rollers C when a light 
vertical blow was delivered to the system. Iff denotes the (undamped) 
natural frequency of swing of the system about C, the effective mass 


, Kk : 

of the cradle and the kentledge = a where K, denotes the stiff- 
ness-constant of the coil spring, and J denotes the dimension (Figs. 2, 
Plate 1) 14 feet 8 inches. 

Static Bending Tests Static bending tests were performed on each 
“specimen in a 50-ton single-lever testing machine. 


Merasurine INSTRUMENTS. 


The oscillation of the spring specimens, both in suddenly-applied 
and in pulsating-load tests, was recorded by a Fereday optical bridge- 
deflectometer, fitted with a magnetically-operated time-marking 
‘mirror in circuit with a contact on the rotating shaft of the testing 
‘machine for use in pulsating-load tests to give the phase-relation 
“between the deflexion and the pulsating force. 

The small oscillations of the coil spring in tests to measure the 
effective mass of the cradle and kentledge (for suddenly-applied load 
- tests only) were recorded by a Fereday-Palmer bridge-stress recorder 
“connected between the girder G and the housing H. 

_ Test for uniformity of angular speed of the shaft and balance- 
weights were made at intervals during the pulsating-load tests by 
providing incandescent electric bulbs attached to an arm secured 
to the end J of the rotating shaft. A cinematograph-camera taking 
300 pictures per second and fixed with its optical axis along the 
_ main-shaft axis was used to record the position of the rotating bulbs 
‘n relation to four stationary bulbs forming axes of co-ordinates. 


EXPERIMENTAL WORK. 


- The experimental work comprised static-load—deflexion, free- 
oscillation, and forced-oscillation tests, and the results of these are 
~ summarized below in the order in which the work was done. 

_ Static-Load—Deflexion Tests.—Detail drawings of the three types of 
springs tested are included in Figs. 3 (p. 298). 

Six new springs, and six others of each type taken from locomotives 
in service, for driving and coupled axles carrying 20, 16 and 12 tons 
respectively (thirty-six springs in all) were selected for load—deflexion 
tests in a 50-ton Buckton single-lever testing machine. Two cycles 
- from no load to 25 per cent. above nominal load and back to zero 
were performed in each case. Two each of the three types were 
~ further tested for deflexion-cycles of + 0:1 inch, + 0-3 inch, and ~— 
+ 0:5 inch from normal-load deflexion. 


Figs. 3. 


20-TON AXLE-LOAD. 
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16-TON AXLE-LOAD. 
. 


12-TON AXLE-LOAD. 


1 foot 


ee oe 


Scale: one-sixteenth full size 
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_ The diagrams obtained from the new springs were similar to those 
from used springs, but the friction at normal load was always greater 
in the used springs, being on the average 19 per cent., 28 per cent., 
and 61 per cent. greater for springs for 20-, 16-, and 12-ton 
axle-loads respectively. The static-load—deflexion tests have furn- 
ished the data from which the curves in Figs. 4 (p. 300) have been pre- 
pared. These are average curves of load and deflexion for ranges of 
+ 0-1 inch, + 0:3 inch, and + 0-5 inch from normal-load deflexion. 
The friction-force appears to be roughly proportional to the designed 
axle-load. It is found that the work done per cycle in overcoming 
friction varies in direct proportion to the range of deflexion, but it 
is zero for small deflexions up to a critical range of about ++ 0:035 
inch for each type of spring, and the stiffness-constant is much greater 
than for deflexions above this critical range. 
_ Free Oscillations Produced by Suddenly-A pplied Loads.—Six springs 
of each type were taken from those which had been statically tested, 
and kentledge was added to the cradle so as to impose dead loads 
‘of about 130 per cent., 100 per cent., and 60 per cent. of the designed 
‘static load in each case ; these loads were suddenly applied twice 
to each specimen, and the free oscillations were recorded. 
_ Two typical free-oscillation records are reproduced in Fig. 5 (p. 301). 
Curve A is typical for an “ XC” spring (20-ton axle-load) which 
exhibited -| 1-57 ton friction in the static tests. Curve B is typical 
for an “XA” spring (12-ton axle-load), which showed only 
++ 0-92 ton friction in the static tests. 
In all tests with a suddenly-applied load the spring commences to 
deflect at a rate corresponding to its higher spring-constant ; that is, 
the friction is not overcome until appreciable deflexion has occurred. 
The spring then executes damped free oscillations in accordance 
“with the laws of solid friction, having a constant mean value but 
-yarying in proportion to the deflexion. At this stage, there is 
evidence that the interval from the first maximum to the second is 
somewhat briefer than that from the second to the third, and that 
that from the third to the fourth is somewhat briefer than that 
from the fourth to the fifth. When the oscillations have died down 
“to the critical range below which the friction is not broken down, 
the system finally executes oscillations damped by fluid friction 
prescribed by the higher spring-constant. Due to a complication 
which was unforeseen, on account of the loaded cradle having sub- 
sequently been found to have a fundamental mode of oscillation 
of its own in flexure of about 7 periods per second, exact theoretical 
curves of free oscillation were not constructed for comparison with 
the records, which are regarded as qualitative. They serve to 
indicate that the spring-friction is of the “solid” type. This 
= Me 


Be 
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Figs. 4. 


20-TON SPRING. 


'12-TON SPRING. 
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difficulty could have been overcome by stiffening-up the cradle, but 
as the main object of this investigation is the study of forced 
9 the expense which would have been involved was never 
neurred. 

Forced Oscillation Produced by Rotating.—In one series of tests, 
Six of each of the three types of springs were subjected to loads of 
(1 + 0-4) multiplied by the normal static load at 3, 4 and 5 revolutions 


FREn-OscILLATION RECORDS. 


per second. In the other series three springs of each type were tested 
at a range of speeds of from 1 to 5 revolutions per second, using the 
same balance-weights selected to give a large force in each case at 
5 revolutions per second for each speed. In all these tests the records 
showed that the instants of maximum and minimum pulsating load 
coincided with maximum and minimum deflexion, and this led the 
Author to think that the springs were damped by solid friction. 


ae 


_ CatcuLation or Punsatine Force. 


If the centres of the balance-weights and shaft-axis lie in the same 
horizontal plane at time t, then the load on the spring at any time tis 


rE sin w(t—t) approximately . . . -.- (1) . 


where 7 is a magnification-factor which depends upon how nearly 
the frequency of pulsation agrees with the mean natural frequency 
of the system. (In all cases 7 is a small fraction greater than unity.) 
‘M denotes the maximum value in tons-feet of the rocking moment 
due to out-of-balance masses in a vertical plane about the fixed 
pearing J (Figs. 1, Plate 1) ; J denotes the dimension 7-71 feet = 7 
feet 84 inches (Figs. 2, Plate 1) ; and w denotes the angular velocity 
of the shaft in radians per second. 


| ml 
i - * . b L 
; ‘The value of ris given by 7 = Weak oe: + A) , 
ds aa ions | ae 


; there I denotes the average moment of inertia in ton-foot-second 
its of the oscillating mass (namely, the shaft, the out-of-balance 
‘weights, the housing and the effective portion of laminated and coil 
20 ae 


» 


° am 
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springs): K, and K denote the stiffnesses of coil and lamins 
springs respectively, in tons per foot of deflexion. J fluctu: 
between two limits in each cycle, and it was determined by 
experiment. 

A correction to equation (1) to allow for the motion of vibr 
should be made, but it can be shown that the error on this accoun 
is not greater than 4 per cent. in extreme cases. 

Other corrections are of a still smaller order, and no correctior 
to equation (1) have been made in the construction of the theoreticad 


Figs. 6. 
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Dynamic Drriexion-Curves. 


curves, typical examples of which are given in Figs. 6 for “: 
springs in chain-dotted lines, together with the actual obse 
deflexions in full lines, to a base of time. The theoretical cur 
have been derived from the deflexions in Figs. 4 corresponding 
aa loads given by equation (1). 4 ial 
bs The agreement is in all cases probably as good as could be ex 
" _with the measuring apparatus used, both when the friction 
_ the leaves has and has not been overcome, and demonstra: 
the deflexion of a locomotive laminated spring under 
_ pulsating force can be determined directly from the static-load 
_ deflexion diagram. . a 
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CoNncLUSIONS. 


Curves were prepared from Figs. 4 showing frictional resistance 
to a base of time for each type of spring for spring-movements of 


Fig. 7. 
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+ 0-1 inch, + 0-2 inch, -- 0-3 inch, and + 0-4 inch. From these 
‘the fundamental harmonic components have been evaluated for 
each deflexion-range, and the results are summarized in curves as 
= 20%: 
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Fig. 7 (p. 303), which shows the value of the friction Of 


to a base of spring-displacement corresponding to the factor — 


given in the Report of the Bridge Stress Committee.1 The ev 
fg. 8 (p. 303) gives, to a base of spring-displacement, the ang 
which the fundamental harmonic component of the friction 
leads the spring-displacement, and applies to each type of spring. 
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 Sea-Defences at Admiralty Pier, Dover.” 
By Joun Wit114M Sutton, Assoc. M. Inst. C.E. 


_ (Ordered by the Council to be published with written discussion.)+ 
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INTRODUCTION. 


In recent years the condition of the masonry on the face at the 
‘inshore end of the Admiralty pier, Dover, has caused some concern 
| owing to damage by sea-action. This damage, which is now con- 
fined to the west side of the pier, has mainly taken the form of 
Joosened facing blocks, weighing on an average 3 tons each, being 
forced out of position by air and water pressure generated behind 
the face-work during rough seas. Hitherto, when the blocks have 
been recoverable they have been replaced and jointed, or alter- 
‘natively the cavities formed have been shuttered and filled with 
‘mass concrete. Until 1912, air trapped in the heart of the pier 
during rough weather found a vent in the opposite face of the pier 
‘to the running swell, but from that date, when the widening of the 
Admiralty pier was completed, the west-side face-work has needed 
-eareful watching. In addition, the extension of the pier in a 
nearly easterly direction has increased the run of the sea along the 
wall, so that with any wind the sea-conditions in this area are 
‘uncomfortable. The repair-methods employed as set out above 
gave good results, except that in some instances the trouble appeared 
to be transferred to a near or adjacent block, indicating that a void 
‘existed behind the face-work. In general, the dislodgements occurred 


“at or just above the level of L.W.0.8.T. 
Me 


bs 1 Correspondence on this Paper can be accepted until the 15th June 
1938, and will be published in the Institution Journal for October, 1938.— 
~ Szo. Inst. C.E. ca 
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SrorM-DAMAGE. 


At the inner end of the pier the face-courses are in Bramle 
with thinly-bedded blocks in course formation, the foun 
course being 3 feet 2 inches deep and the top course 1 foot 3 inche 
deep. No other security than the bedding was provided, and bh 
present general condition of the masonry is remarkable after 8! 
years’ constant exposure to extremely bad conditions. | 

Following the very heavy storm of the 17th September, 19 
which this work was fully exposed, an inspection disclosed t 
settlement had taken place at the inshore end for a distance 
40. feet, commencing 20 feet from the shore (L.W.O.S8.T.) and ex 
ing seawards. Ten courses, 25 feet in height, were affected, 


AT 


aa 
Chalk filling 1} 


Blocks placed 
pell-mell 


Scale: 1 inch = 32 feet, ‘ , ; 
Feet 0 5 10 18 20 25 feet covered with concrete in bags ; 


Cross SEctTion or Prer at Srre or InsHorr SETTLEMENT. 


settlement at approximately the centre being 23 inches. A second 
and smaller settlement had also occurred at a point 100 feet from 
the shore. Considerable blowing at the joints was set up when 
swell ran along the pier, indicating the existence of hollows behin 
the face-work. At each local area a face-block had been fot 


underwater inspection showed the cause of the settlement, w. 
was erosion of the chalk bed in front of and underneath the f 
tion course, extending 300 feet seaward ; in some parts 
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5 
| feet deep had been formed. Fig. J is a cross section of the pier 
a the area under review, and shows the scouring of the sea-bed. 


Repairs NECESSARY. 


Repair-work was divided into two sections :— 


(1) The formation of an apron in the scoured sea-bed and the 
provision of protection to prevent further erosive action. 

(2) Making good the masonry face of the pier, and filling as far 
1s possible the voids behind the blocks. 


! The first part could be carried out only when sea-conditions were 
avourable, such conditions being only likely to occur for short 
eriods during the summer. The second part could be carried on 
uring fair or fine weather, and would have to be done mainly at 
ow tide, except that the sealing of the underwater joints would 
save to be carried out by divers. Preparations were therefore 

de with a view to pressing forward with the work as soon as 
avourable conditions permitted. Actually from the time the settle- 
ment took place 10 months elapsed before continuous fine weather 
prevailed. 


MetHop or Maxine REPAIRS. 


a Formation of Apron.—The eroded area under the bed course was 
first filled with concrete lumps, granite blocks and concrete in bags 
in sizes capable of being handled and placed under water by divers ; 
the scoured trench in front of the foot of the wall was then filled 
with a double layer of concrete in bags, each weighing nearly 2 cwt., 
and placed as uniformly as possible, thus forming a toe-apron. _ A 
total of 40 tons of material was thus deposited. 

Following this a pell-mell-block wave-breaker was formed for a 
length of 100 feet at the shore end of the work to hold and protect 
the apron, and to provide additional defence for the face of the 
wall against sea-action. The need for this was emphasized when, 
during one day of bad weather shortly after the commencement 
of the work, a 20-foot length of the toe-apron close to the shore 
was torn away. For the pell-mell formation large dressed-granite 
plocks with an average weight of 10 tons were conveyed to the site 
and deposited. By reason of their cubic shape the blocks were 
roughly fitted together to prevent dispersal by rough seas until 
such time as shingle collected and provided additional bedding. 
The trend of the beach here is from west to east. Before the weather 
caused a suspension of operations sixty blocks had been placed. There 
is every indication that this formation has effectually provided a 
pond defence against under-toe scouring, for the unprotected apron 
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from 100 to 300 feet seaward is still intact. One addition of six 
blocks has been made to this pell-mell formation. Further additio: 
are contemplated. 

Before depositing these blocks all joints in the masonry below 
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water were caulked, whilst above the level of L.W.O.8.T. all joints 
were sealed with Portland cement in both affected areas, in pre 
paration for the second part of the work. , " 

Repairs to Masonry Face of Pier.—It was decided to. deal with this 
part of the work from the pier-parapet, as the risk of working from 
a barge was too great owing to possible sudden changes in the sea: 


Z 
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onditions. The nearest point to the work was 40 feet above it 
and about 120 feet away. A platform and a 4-inch diameter feed- 
pipe were provided as shown in Figs. 2. Grout-holes, 5 inches in 
diameter, were drilled in the face-work, so arranged as to strike the 
_ joint between the block immediately below and the backing course. 
_ These are indicated in Figs. 2 at points A, B, C, and D. 
_ The inshore area was dealt with first, the cavity being shuttered 
and fed with cement-grout, together with a small quantity of con- 
erete when the work was nearing completion. The operation was 
 earried out during one low-tide period. Following this, for 3 days 
_ during the morning low tides, holes A, B, and C were fed with 
_ cement-grout under gravity. Feed-holes A and B were both fed 
~ successfully, but feed-hole © soon became fully charged. In all 
16 tons of material was used in this area. A similar procedure was 
_ adopted with the cavity and feed-hole D of the outer area, the work 
_ being completed in three low-tide periods. In this area 10 tons of 
material was used. 
No estimate could be formed of the quantity of cement-grout 
_ that would be required, owing to an almost complete lack of know- 
“ledge of the possible voids existing, and sufficient material for each 
oe working period was therefore transported to the site during the high- 
‘water periods. Fortunately, the weather remained good during the: 
time that this work was being carried out; the operations covered 
two ranges of spring tides, and was carried out at the same time as the 
placing of the pell-mell-block sea-detence. Since the end of September, 
1936, a few additional blocks have been placed and pointing at the 
“joints made when quiet weather-conditions have occurred. 


CONCLUSION. 


Inspections indicate that there are no serious voids behind the 
_ Bramley-fall facing, as there is now no sign of blowing following 
-sea-swell during bad weather, which is the chief symptom of this 
“trouble. Several joints have been raked out to allow these examina- 
tions to be made, and in most cases the new cement-grout has been 


“The Paper is accompanied by two sheets of drawings, from which © 
the Figures in the text have been prepared. 
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| _ Norz.—The Institution as a body is not responsible either for _ 
‘the statements made, or for the opinions expressed, in the Papers ~ 
published. 
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ENGINEERING RESEARCH. 


DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL 
RESEARCH. 


REPoRT FOR THE YEAR 1936-37. 


According to the Report, the net expenditure for the year was _ 
approximately £582,000, an increase of £10,000 on that of the pre- 
vious year. The aggregate sum subscribed by industry through the 
Research Associations has increased to nearly £250,000 and the © 
Government grants-in-aid to approximately half this amount. 

New laboratories have been erected for an extension of acoustics 
research at the National Physical Laboratory, and larger prong 
have been acquired near Covent Garden for the investigation of food- _ 
problems. Preparations are being made for the construction of two 
new wind-tunnels at the National Physical Laboratory. 

The following notes are selected from those parts of the Report of | 
engineering interest :— | 

The completion of 10 years’ research into water-pollution has been | 
made the occasion for a review of the work done. Since last year’s 
Report it is noted that the survey of the river Mersey, which was 
undertaken in view of the fear of silting of the Mersey estuary as a 
result of the discharge thereinto of crude sewage, has just been com-_ 
pleted. Further work has been done on base-exchange methods of 
purification, the exchange-properties of synthetic resins, lead con- 
tamination, dairy waste-waters, and the purification of sewage. _ 

_ Certain activities of the Department have already been reviewed 
in the Journal in connexion with the Annual Reports on the work at_ 
the National. Physical Laboratory,! on Building Research,2 Harel t 
Products Research, 8 Fuel Research, 4 and Road Research.5 ‘ | 


_erators have received attention. REN, ressue ha ae 
_carried out into the behaviour of metals at high temperatures, and 
mechanical tests, conducted in vacuo, have been onTed) ong on 


Journal Inst. C.E., vol. 6 (1936-37), p. 283. (June 1937.) 
vol. 6 (1936-37), p. 582. (October 1937.) ; 

vol. 7 (1937-38), p.309. (December 1937.) 

vol. 7 (1937-38), p.310. (December 1937.) 

—— vol. 6 (1936-37), p. 285. (June 1937.) 
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bene 
specimens of pure iron. The effect of the addition of carbon in 
_ various proportions has been studied. Work has been done on 
alloys of nickel, chromium and iron, on aluminium and magnesium 
~ alloys, and on copper steels. In chemical research a study has been 
made of the corrosion of metals, both in the atmosphere and immersed. 
in fresh and sea water. The corrosion of steel and cast iron by sul- 
phate-reducing bacteria is also being studied. Further work has 
_ been done on the hydrogenation of coal. A study has been made of 
' the resistance of metals to the corrosive action of tar fractions. 
_ Radio research has included studies of the ionosphere and the pro- 
pagation of waves, direction-finding, ultra-short waves, and atmo- 
‘spherics. On the subject of illumination research, the relative 
‘merits of different-coloured lights with particular reference to street 
- lighting are being investigated. In connexion with the lubrication. 
_ of journal bearings, incipient seizure has been studied ; experiments 
e have also been carried out on rubber bearings with water lubrication, 
oa on oscillating journals. Reports are also given on the re- 
Ce 


<< 


searches into atmospheric pollution, furnace-design, X-ray analysis 
and gas-cylinders and containers. 

a Work in connexion with the British Cast Iron Research Association 
includes a study of graphite-refining, high-duty and alloy irons and 
"vitreous enamelling of cast iron. Researchés for the British Iron 
and Steel Federation include work on the blast-furnace, open-hearth 
_ furnace and the heterogeneity of ingots. The British Non-Ferrous 
_ Metals Research Association has investigated the melting and casting 
of metals, creep, and the corrosion of zine coatings. The section of 
the Report dealing with the British Electrical and Allied Industries 
Research Association indicates progress on problems in connexion 
" with dielectrics, earthing, capacity of cables, wear of overhead contact- 
"wires, efficiency of steam-power plant, surge phenomena, transformer 
“noise, safety problems and circuit-breaker research. The British 
Scientific Instruments Research Association has studied the durability 
f optical glasses, and tarnishing and corrosion in instruments. The 
difficulties of winter painting are receiving the attention of the 
_ Research Association of British Paint, Colour and Varnishing Manu- 
~ facturers. In connexion with the Institution of Automobile Engineers 
Research and Standardisation Committee, the performance of engine- 
bearings, noise in motor vehicles, and the deep drawing of metals 
have been studied; the research on cylinder-wear is now nearing 
completion. The effect of the greasing of belting leathers has been 
studied by the British Leather Manufacturers Research Association. 


The durability of rubber joimting and other ageing problems has 


q. 8 sociation. Research in connexion with the British Colliery Owners’ 


received the attention of the British Rubber Manufacturers’ Research 
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Research Association has included a study of the suppression of 
dust, underground illumination, and atmospheric conditions in deep 


mines. 


RESEARCH IN ENGINEERING AT UNIVERSITY 
COLLEGE, SOUTHAMPTON. 


Engineering research at University College, Southampton, which 
is being carried out under the direction of Professor T. R. Cave- 
Brown-Cave, C.B.E., is concerned with problems in connexion with 
the exhaust noise of internal-combustion engines and wind-tunnel 


research. 


Exhaust Noise. 
Research has been carried out during the last few years to investi- 
gate the problems connected with reducing the exhaust and other 
noises of internal-combustion engines, particularly those of motor _ 
vehicles. ‘The exhaust noise contains a low-pitch component caused _ 
by the cylinder acting as a resonator while the valve is open, and a 
high-pitch component caused by the gas escaping at high pressure 
through the exhaust valve as it opens. The effectiveness of various 
_ types of silencer in suppressing each of these components has been 
investigated.! In addition to the exhaust noise, there is a large 
amount of sound emitted from the inlet port similar to the low-pitch © 
component of the exhaust. Although this sound is not quite so 
great as the corresponding exhaust noise, its nature is such that a — 
silencer of almost the same dimensions is required to suppress it — 
satisfactorily. Investigation has also shown that the mechanical — 
noises emitted by the engine are very largely due to vibration trans- — 
mitted to the supporting framework and thence to large surfaces © 
capable of transmitting them to the car. 


Wind-Tunnel. 
A 5-foot diameter open-jet wind-tunnel has been constructed ‘on 
lines closely similar to those of one at the Royal Aircraft Establish- 
ment, Farnborough, giving a maximum air-speed of about 100 feet 
per second. The tunnel is of simple, inexpensive construction, yet the 
flow is remarkably steady and uniform across the jet. The inve 
gations which have so far been carried out in the tunnel have mo 
taken the form of exploring the nature of the air-flow over mod 
motor-cars, motor-buses and buildings. Preparations are being made 
for an investigation of the aerodynamics of sails. a3 
(a sete 


1 Proc. Inst. Auto. Engineers, vol. 31, March, 1937, p. 783. teh 
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4 NOTES ON RESEARCH PUBLICATIONS. 


= 1. ENGINEERING CONSTRUCTION. 
(2) Engineering Physics. 
(a) Elasticity and other mechanical properties. 

Frequency of longitudinal and torsional vibration of unloaded and 

loaded bars, Phil. Mag., 25, 364. 
- The electric analogy as an auxiliary method to photo-elasticity, 
_ Comptes Rendus, 206, 38. 
- Stability of uniformly-loaded rectangular plates with longitudinal or 
transverse stiffeners, Ingen. Arch., 8, 117. 
- Buckling of equilateral trapezoidal plate, rectangular plate of 
variable thickness, and long conical frustum, Trans. Soc. Mech. 
Engineers (Japan), 2, 305. | 
_ Bending of beams on elastic foundations, Phil. Mag., 25, 49 (Eng. 
_ Abs. 1, Con. 42). 
Bearing capacity of a longitudinally-stressed strip of a plate when the 
load causing bulging has been exceeded, Zevtschrift fiir angewandte 
Mathematik und Mechanik, 17, 85. 


(b) Soil Mechanics. 

oS Equilibrium in parallel plane slices of plastic media at the limit of 

flow, with particular reference to soils and ductile metals, Comptes 

_ Rendus, 206, 317. 

- Technique of soil testing, Civ. Eng. (U.S.), 7, 568. 

“Investigations of the physical properties of soil by curves obtained 

with a recording wattmeter in boring tests, Geologie und Bauwesen, 

9, 119. 

_ Principles of mechanics of frozen ground, N. A. Tsitovitch and M. Je 
Soumgin, Moscow and Leningrad: Academy of Sciences of the 

U.S.S.R. Press, 1937. 

(c) Mechanies of Fluids. 
Statistical theory of isotropic turbulence, Proc. Roy. Soc., A. 164, 


_ 192 (Eng. Abs. 1, Con. 46). 
Velocity and temperature-distribution in the turbulent wake behind 
a heated body of revolution, Proc. Cambridge Phil. Soc., 34, (1), 48. 
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Kinetic theory of fluids, Proc. Phys. Soc., 50 (1), 30. 
Efflux of gases through orifices—kinetic theory, J. Franklin I nstitute, 4 

225 (1), 81. 
Transverse bands of whirls in a layer of air warmed from below, 

Comptes Rendus, 206, 40. 
Commencement of flow of a viscous fluid, Comptes Rendus, 206, 94. 
Flow under a sluice-gate, Comptes Rendus, 206, 96. 
Open-flow hydraulics, Engineering, 145, 30 (Eng. Abs. 1, Con. 44). 
*Coefficient of discharge in weirs with free nappes, Annales des Ponts 

et Chaussées, 107-11, 566. 


(3) Operations and Methods. 


Influence of the method of placing concrete (including vibration 
compacting) on its strength, Bull. Technique de la Suisse Romande, 
68, 154. 

Study of vibrated concrete, J. Tucker, G. L. Pigman, E. A. Pivapia 
and J. §. Rogers, U.S. Bur. Standards Research Paper RP 1048. 

Vibrated Concrete, Concrete and Constructional Engineering, 15, 54 ~ 
(Eng. Abs. 1, Con. 51). : 

Apparatus for the consolidation and smoothing of the surface of 
concrete and like masses, Zement, 27 (3), 37. 

Problems in structural steel erection, Civ. Eng. (U.S.), 8, 15 (Bng. 
Abs. 1, Con. 56). 

Wearing properties of some metals in clay plant operation. ek % 
Ohio State Univ. Engg. Expt. Station Bull. No. 97. 

(4) Structures. : | 

(b) Dams, Retaining-Walls, etc. . , 

Determination of non-linear stress distribution in Boulder dam by 

rubber slab experiments, U.S. Bur. Reclamation Tech. Memo. No. 
442, 


Calculation of temperature-distribution in a succession of lifts due to 
release of chemical heat, Proc. Am. Cone. Inst. 9, 105. 


(c) Capacity Structures. . a 
Mechanics of a pile of granular material applied to bin denan Je 
South African Inst. Engineers, 36, 118. és 
(d) Bridges, Arches, Roofs, Hangars, etc. sg 
_ Energy-dissipation in vibrations of a bridge, Bull. Barthquake 
Research Institute, Tokyo Imperial Univ., 15, 385. 
_ Joints for concrete reinforcing-bars, De T Beton 1 (En 
Abs. 1, Con. 61). | a of os : ‘ 
(f) Buildings. 5 sols 
Fire test of a building column, U.S. Nat. Bur. Stds. Tech. New 
1937 (246), 107. 
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Code for Protection against Lightning, Parts I, II, and III, U.S. Nat. 

Be Bur. Stds. Handbook, H 21. 

Seismic vibrations in buildings, Bull. Earthquake Research Institute, 
Tokyo Imperial Univ., 15, 21. 

Air-raid shelters, Schweiz. Bauzeit., 110, 69. 


(5) Railways, Roads (excluding rolling stock). 

Wear of rails on curves and check-rail clearances, Tech. Paper No. 

2. 303, Indian Railway Board, Delhi. 

Use of long rails in railway track, J. Engineering Assoc. Malaya, 5, 
141, 

Security against displacement of track of welded rails, Organ 
Fortschritte Hisenbahn, 92, 44 (Eng. Abs. 1, Con. 68). 

Machine for impact and sustained-load tests of concrete, Public 
Roads, 18, 185. 

Dynamic investigation of concrete surfacings, A. Ramspeck, Berlin, 
1937. 

3 Experiments with various surfacing materials, Indian Roads, No. 12, 

fF Nov. 1937. 

_ Modern road tars, J. Inst. Mun. & County Engrs., 44, 1280. 
Specifications and testing methods for road tars in Denmark, Bull. 

Perm. International Assoc. of Road Congresses, 26th year, No, 114, 

p. 393. 

Final Report of Departmental Committee on Street Lighting, August 
1937, Ministry of Transport (H.M. Stationery Office). 
- Designing roads for lighting, Eng. News-Record, 119, 678. 


(6) Docks, Harbours, Canals (including the constructional aspect of 
Irrigation and Drainage) and Rivers, Coastal Works. 

ie *Experimental study of sea walls and breakwaters, Bull. Tech. de la 
Suisse Romande, 68, 232. ; 


= (7) Water Engineering. 

(a) Supply. 

_ Laws governing the flow of water into a main from a branch pipe, 
‘Rev. Un. Min. Mét., 18, 502. 

4 *Water-hammer pressures on compound and branched pipes, Proc. 
Am. Soc, C.E., 64, 133. 

z Utilization of the piezo-electric properties of quartz for the study of 
_-water-hammer in pipes, Rev. Gén. Hydraulique, 8, 119 (Eng. 
4 Abs. 1, Con. 77). . ; 

_ Experimental investigation of water-hammer in steel pipes, J. 
“Faculty of Engineering, Tokyo Imperial Univ., 21, 43. < 
| Electrolytic corrosion of leaden pipes by the action of currents of 
galvanic origin, Bol. Obras Sanitarias de la Nacion (Argentina), 
= 41, 626. 
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Process for removing toxic gases from water, Chim. Ind., 38, 886. 
a *The Gryt power-plant at Norrképing, Sweden, Engineering, 145, 111. 


2. MecHanicaL ENGINEERING. 
(1) Prime Movers. 
Applications of electrical precipitation to industrial effluent gases, 
Inst. Chemical Engineers (Advance proof), 18 Feb. 1938. 
Steam-turbine performance at partial loads, The Engineer, 165, 98. 
Proportions of locomotive boilers, J. Inst. Locomotive Engineers, 
oan 27, 688 (Eng. Abs. 1, Mech. 107). 
*Locomotive stability, Railway Gazette, 68, 173. 
*Combustion of liquid fuel in locomotive boilers, Bull. Internationa 
Railway Congress Assoc., 20, 39. 
Steam plant operating at 100 atm. with single-tube boiler and 
reciprocating engines, Zeit. Ver. deu. Ing., 81, 1461 (Eng. Abs. 1, 
Mech. 80). S| 
Mixture-formation and combustion in high-speed diesel engines, Zett. 
Vero deu. Ing., 82, 9 (Eng. Abs. 1, Mech. 87). 
Investigations on the combustion processes of spark-ignition and 
diesel engines, Luftfahrtforsch, 14, 640 (Eng. Abs. 1, Mech. 86). 


(2) Transmission and Conversion of Power. 


Stresses in the hemispherical ends of gas-cylinders, Annales des Mines, 
3rd Series, 12, 181. ; 


(4) Measuring Instruments. ! 


Impact testing: a new machine, Automobile Engineer, 28, 2 (Eng. 
Abs. 1, Mech. 124). 


(5) Processes. 


Practical research in production engineering, J. Inst. Production 
Engineers, 17, 18. , 
Rivets of high-tensile steel, Soudostroienie, No. 8, 1937. 4 
Distortion of electrically-welded mild-steel structures, Welding 
Industry, 6 (1), 9. : 
“yet of the Research Committee, 1937, Trans. Inst. Welding, 50° 
, 40. ‘ie 
Relief of residual strains and stresses in edge-welded mild steel plates ‘ 
Trans. Inst. Welding, 50, 44. eam 
Fatigue resistance of welded joints: summary of published Germa i” 
~ investigations, Trans. Inst. Welding, 50, 52. es 
Influence of shrinkage stresses on the strength of welded joi 
—- Ossature Métall.,'?, 29 (Eng. Abs. 1, Con. 57). » abel 
Some new developments in refrigeration and cold storage, Engin ce 
J., 21, 13. as 
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EG 3. SHIPBUILDING AND Marine ENGINEERING. 

_ Streamlining of ship superstructures, Schiffbau, 15 Dec. 1937, p. 419. 
_ High-speed motor craft, The Shipping World, 29 Dec. 1937. 
Ventilation and soundproofing of the engine-rooms of sea-going 

motor-vessels, Werft, Reederet, Hafen, 15 Dec. 1937, p. 366. 
Electric welding of light material as employed in the construction of 
motor launches, Soudostroveme, No. 8, 1937. 
Steam propulsion in 1937, Shipbuilding & Shipping Record, 31 
Dec. 1937. 
__ Marine diesels in 1937, Shipbuilding & Shipping Record, 31 Dec. 1937. 
_ Fuel particle-size, Shipbuilding & Shipping Record, 23 Dec. 1937. 
_ Furnace repairs by welding, Shipbuilding & Shipping Record, 23 
L Dec. 1937. 
Service results with high-pressure boilers, Institute Marine Engineers 

: (Advance proof). 

_ Diesel Varia—Paper before the North-East Coast Institution of 
: Engineers and Shipbuilders (Newcastle-upon-Tyne), 28 January, 

; The Engineer, 165, 146. 

_ Alternating-current. drive for propulsion and auxiliary machinery, 
—  -‘ The Motor Ship, January 1938. 

ie Diesel-electric and direct drive compared, The Motor Ship, January 
s 1938, 

Application of the diesel motor to the propulsion of large express 
liners, J. de la Marine Marchande, 23 Dec. 1937, p. 1819. 

_ New Krupp two-stroke diesel engines with Archaouloff injection, 
_ Schiffbau, 1 Dec. 1937, p. 397. 


Z 4. Mintne ENGINEERING. 
— (2) Methods of Working. 

Derailments in mechanical-haulage operations, Trans. Inst. Mining 
_ Engrs., 114, 288 (Eng. Abs. 1, Min. 42). 
"Investigation into the Causes of Falls, and Accidents due to Falls in 
Bord-and-Pillar Whole Workings—The Application of Roof 
_ Supports, Trans. Inst. Mining Engineers, 114, 324. 
_ (3) Explosions. 
Earth vibrations caused by quarry blasting, Progress Report I, 
' U.S. Bur. Mines, Reports of Investigations No. 3353. 
(4) Mine Ventilation. 
Detection of firedamp in mines, Trans. Roy. Scottish Soc. Arts, 12, 
im (2), 76. 
(©) Boring and Sinking (inclusive of Oil). 
; Chemical treatment of Trinidad drilling fluid, J. Inst. Petroleum 
Technologists, 24 (171), 1. , 
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(6) Winding and Hauling Machinery. : a 
Progress in the technical development for skip hoisting in mines 
Proc. South Wales Institute of Engineers, 58, 355. . | 


5. ExecrricaL ENGINEERING. 
(1) Generation, Distribution, Machines. 
Simplification of Maxwell’s equations in conformity with the flu 
cutting principle, Nature, 141, 254. 
Magnetic fields in transformers at low frequencies (25 to 75 cycles per 
second), Phil. Mag., 25 (167), 242. 
Researches on initial magnetization, Annales de Physique, 9, 105. 
Magnetic testing : U.S. Nat. Bur. Standards, Circular C 415. 
Heat-losses in direct-current armature windings, J. Inst. El eC. 
Engineers, 82, 165. 
*Constant direct-voltage generator for coupling to a water-turbin ne 
without a regulator, Elek. und Masch., 56, 53. 
*Efficiency of mercury-vapour rectifiers, Pub. Assoc. Ing. de la 
Faculté Polytech. de Mons, No. 63, 557. 
*Prevention of hoar frost on transmission-lines by artificial heating, 
Elek. Zeit., 59, 93. 
Electrical method of determining cable-sheath uniformity, J. Inst. 
Elec. Engineers, 82, 101. 


(2) Telegraphy, Telephony, Television. 
Capacitance at ultra-high frequencies, Phil. Mag., 25, 339. x 


Theory and performance of the i panache J. Inst. Elec. Engineers, 
82, 105. 

*Self-generating photo- electric cells, Elec. Rwntna 122, 85. 

Resistance balancing in wave-filters, J. Inst. Engineers of Australia,” 
9, 472. j 

Electronic oscillations in triode valves, Comptes Rendus, 206, 175. 

Effect of sudden ionosphere disturbances on long waves, Compt 
Rendus, 206, 360. ; 


Reflection coefficient of the earth’s surface for radio waves, J. Tes t. 
Elec. Engineers, 82, 214. 


bs 


6. Orner BrancHEs or ENGINEERING. 

(1): Aeronautical, ie 
The two-dimensional hydrodynamical theory of movin: aerofoils. Is. 
II, Proc. Roy. Soc. Series A, 164, 346. ee 3 bas 


Be lation between the lift of an aerofoil and the regime of flow on the 
extrados, Comptes Rendus, 206, 315. : 
_ The Hafner gyroplane, J. Roy. Aero. Soc., 42, 109. nell 
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| Generalized theorem of three moments for the case of parabolic 
_. lateral loading, J: Roy. Aero. Soc., 42, 159. 
_ Aero. Res. Cttee. Reports and Memoranda. 


Review of theoretical investigations of the aerodynamical forces 
on a wing in non-uniform motion, No. 1786. 

Tests on a single section of “ R.100 ” at Cardington, No. 1787. 

Increase in lift due to slipstream, No. 1788. 

Drag of a gauntlet as measured in the 24-ft. tunnel, No. 1792. 

Lateral stability of a single-engined high-wing monoplane with 

airscrew running. Yawing moments due to sideslip and rudder 
power, No. 1794. 


Stressed-skin construction, Aircraft, 10 (107) 1. 
Openings in stressed-skin wings, Aircraft, 10 (107) 3. 
Sinking speed of aeroplanes, Aircraft, 10 (107) 7. 
A stressed-skin problem, Aircraft, 10 (107) 11. 

_ Anew form of biplane, Aircraft, 10 (107) 14. 


- (2) Automobile. 
Light alloys in modern design, J. Inst. Auto. Engrs., 6 (5) 47. 


Power and economy of mixture-scavenged two-stroke engines, Auto. 
Zeit, 40, 605 (Eng. Abs. 1, Mech. 85). 


(3) Illuminating, Heating, Ventilating and Acoustical. 

& *Heat-transfer from steam and warm water to an external air-flow by 
_ spirally-ribbed pipes, Gesund. Ing., 61, 29. 

Thermal conductivity of building materials, Univ. Minnesota, Engg. 

Expt. Stn. Bulletin No. 12. 

 Heat-transmission through walls, J. Inst. Heat. Vent. Eng., 5, 388. 


7. ENcinerrinc MATERIALS. 


_ (2) Stone, Bricks, Cement Products. 

Consolidating and waterproofing earth, gravel, concrete, etc., N.V. 

de Bataafsche Petroleum M aatschappy. 

_ Strength tests of building stone and their interpretation, Geologie und 
Bauwesen, 9, 113. 

_ Strength, water-absorption, and resistance to freezing and thawing ot 
sand-lime brick, U.S. Nat. Bur. Stds. J. Res., 20, 67. 

Properties and testing of hard aggregate, Beton Stein Zeit., 1938, 

me 4(2), 17. | 

_ Thermal conduction through a hollow glass brick, J. and Proc. Roy. 

Soc. of New South Wales, 70, 452. ; fe 

Constitution of Portland cement, Zement, 26, 531. 
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Effect of particle-size and of different salts on the heat of apne and 
the mechanical properties of Portland cement, Chim. Ind., 38, _ 
295. 

Classification of admixtures as to pozzolanic effect by means of com: 
pressive strength of concrete, Proc. Am. Concer. Inst., 9, 129. 

Influence of siliceous admixtures on the formation of calcium 
hydroxide, setting heat, and strength of Portland cement, Beton 
und Eisen, 36 (14) 231, (15) 248. 

Some problems in the study of hydraulic cements, Chemistry “a 
Industry, 57, 71. 

Use of high-alumina cements in structural engineering, Report No. 21, 
1937, The Institution of Structural Engineers. 

Effect of curing conditions on strength of concrete test specimens 
containing burnt-clay aggregates, Public Roads, 18, 53. 

Joists and anchorage of reinforcement, Betong, 1937 (1) 31. 


(3) Metals. 
Heat treatment of non-ferrous metals, Masch., 16, 621 (Eng. Abs. . 
Mech. 126). 
Fatigue testing of steel wires under prlaahiaie tensile stress, Mitteilun- _ 
gen Kaiser-Wilhelm-Institut fiir Eisenforschung, 20, 1 (Ineferung 1). 
Effect of oxygen on the corrosion of steels, Industrial and Engg. 
Chemistry, 80 (1) 83. a 
Corrosion of metals in solutions considered as an electrochemical 
phenomenon, Chimie et Industrie, 89 (1) 31. . 
Soil-corrosion studies, 1934. Bituminous coatings for underground 
service, U.S. Nat. Bur. Stnds. J. Res., 19, 695. 
Method of determining the corrosive effect of mineral oils, Chem. 
Fabrik, 10 (51/52) 519. 
Accelerated testing of rust-inhibitive pigments, Brit. Chem. Abs. Be | 
1938, 57 (1) 83. 
Properties of tin, Tech. Pub. of the International Tin Res. and Dev. 
Council, Series B, No. 1. 
Creep of tin and tin alloys, Part II, Series A, No. 71, J. Inst. 
Metals, 1938, 62 (Advance copy). 


(4) Other Materials. ; 
ae a application to jointing materials, Chemistry & Industry y 
» 69 


Effect of transverse scratches on the strength of sheet gl J. 0C. 
Glass Tech., 21, 383. i nt ace Son _ 
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